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The  United  States  Air  Force  Graduate  Student  Research  Program 
(USAF-GSRP)  is  conducted  under  the  United  States  Air  Force  Summer  Faculty 
Research  Program.  VThe  program  provides  funds  for  selected  graduate 
students  to  work  at  an  appPtrpr^te^Air  Force  Facility  with  a  supervising 
professor  who  holds  a  concurrent  Summery-faculty  ^  Research  Program 
appointment  or  with  a  supervising  Air  Force  Englneer/Scientfst.k  This  is 
accomplished  by  the  students  being  selected  on  a  nationally  advertised 
competitive  basis  for  a  ten-week  assignment  during  the  summer  intersession 
period  to  perform  research  at  Air  Force  laboratories/centers.  Each 
assignment  is  in  a  subject  area  and  at  an  Air  Force  facility  mutually 
agreed  upon  by  the  students  and  the  Air  Force.  In  addition  to 
compensation,  travel  and  cost  of  living  allowances  are  also  paid.  The 
USAF-GSRP  is  sponsored  by  the  Air  Force  Office  of  Scientific  Research,  Air 
Force  Systems  Command,  United  States  Air  Force,  and  Is  conducted  by 
Universal  Energy  Systems,  Inc. 

The  specific  objectives  of  the  1988  USAF-GSRP  are: 

"  (1)  To  provide  a  productive  means  for  the  graduate  students  to 

participate  in  research  at  the  Air  Force  Laboratories/Centers: 

(2)  To  stimulate  continuing  professional  association  among  the 

Graduate  Students  and  their  professional  peers  in  the  Air  Force; 


(3) 

(4) 


\ 

efforts. 


Ouring  the  summer  of  1988,  107  graduate  students  participated.  These 
researchers  were  assigned  to  23  USAF  laboratories/centers  across  the 
country.  This  three  volume  document  is  a  compilation  of  the  final  reports 
written  by  the  assigned  students  members  about  their  summer  research 


To  further  the  research  objectives  of  the  United  States  Air  Force; 


To  enhance  the  research  productivity  and  capabilities  of  the 


graduate  students  especially  as 


technical  interests.  / 
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PREFACE 


The  United  States  Air  Force  Graduate  Student  Research  Program 

(USAF-GSRP)  is  conducted  under  the  United  States  Air  Force  Summer  Faculty 
Research  Program.  The  program  provides  funds  for  selected  graduate 
students  to  work  at  an  appropriate  Air  Force  Facility  with  a  supervising 
professor  who  holds  a  concurrent  Summer  Faculty  Research  Program 

appointment  or  with  a  supervising  Air  Force  Engineer/Scientist.  This  is 
accomplished  by  the  students  being  selected  on  a  nationally  advertised 
competitive  basis  for  a  ten-week  assignment  during  the  summer  intersession 
period  to  perform  research  at  Air  Force  laboratories/centers.  Each 
assignment  is  in  a  subject  area  and  at  an  Air  Force  facility  mutually 
agreed  upon  by  the  students  and  the  Air  Force.  In  addition  to 
compensation,  travel  and  cost  of  living  allowances  are  also  paid.  The 
USAF-GSRP  is  sponsored  by  the  Air  Force  Office  of  Scientific  Research,  Air 
Force  Systems  Command,  United  States  Air  Force,  and  is  conducted  by 
Universal  Energy  Systems,  Inc. 

The  specific  objectives  of  the  1988  USAF-GSRP  are: 

(1)  To  provide  a  productive  means  for  the  graduate  students  to 
participate  in  research  at  the  Air  Force  Laboratories/Centers; 

(2)  To  stimulate  continuing  professional  association  among  the 

Graduate  Students  and  their  professional  peers  in  the  Air  Force; 

(3)  To  further  the  research  objectives  of  the  United  States  Air  Force; 

(4)  To  enhance  the  research  productivity  and  capabilities  of  the 
graduate  students  especially  as  these  relate  to  Air  Force 
technical  interests. 

Ouring  the  summer  of  1988,  107  graduate  students  participated.  These 
researchers  were  assigned  to  23  USAF  laboratories/centers  across  the 
country.  This  three  volume  document  is  a  compilation  of  the  final  reports 
written  by  the  assigned  students  members  about  their  summer  research 
efforts . 


LIST  OF  1988  PARTICIPANTS 


NAME/ADDRESS 


DEGREE,  SPECIALTY,  LABORATORY  ASSIGNED 


Ben  A.  Abbott 

Electrical  Engineering  Dept. 
Vanderbilt  University 
Nashville,  TN  37240 
(615)  332-2723 


Degree :  B.S.,  Computer  Science,  1983 

Specialty:  Electrical  Engineering 
Assigned :  Arnold  Engineering 

Development  Center 


Antoinne  C.  Able 
Meharry  Medical  College 
1005  O.B.  Todd  Blvd. 

P  0  Box  882 
Nashville,  TN  37208 
(615)  361-5303 


Degree:  M.S.,  Biology,  1982 

Specialty:  Biology 

Assigned:  Wilford  Hall  Medical  Center 


Stanley  0.  Adams 
College  of  Medicine 
Meharry  Medical  College 
1005  O.B.  Todd  Blvd. 
Nashville,  TN  37208 
(615)  327-6204 


Degree:  B.S.,  Cellular  &  Molecular 

Biology,  1987 
Specialty:  Physiology 
Assigned :  Wilford  Hall  Medical  Center 
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John  D.  Allison 
Dept,  of  Psychology 
Univ.  of  Texas  at  Austin 
Mezes  Hall  330 


Austin,  TX  78712 
(512)  471-5857 


Degree: 

Specialty: 

Assigned: 


M. A. ,  Psychology,  1987 
Comparative  Neurobiology 
Human  Resources  Laboratory: 
Manpower  and  Personnel  Div. 


James  E.  Angelo 

Dept,  of  Physics 

Univ.  of  Minnesota  -  Duluth 

Duluth,  MN  55812 

(218)  726-7124 


Degree:  B.S.,  Math/Physics,  1986 

Specialty:  Applied  Physics 
Assigned :  Materials  Laboratory 


John  E.  Bambery 
Dept,  of  Physics 
University  of  Pennsylvania 
Indiana,  PA  15701 
(412)  357-2611 


Degree:  B.S.  Physics,  1987 

Specialty:  Computer  Analysis 
Assigned :  Avionics  Laboratory 


Daniel  W.  Barineau 

Dept,  of  Engineering  Science 

Virginia  Tech. 

1300-B  Terrace  View  Apts. 
Blacksburg,  VA  24060 
(703)  552-7867 


Degree:  B.S.,  Chemical  Eng.,  1987 

Specialty:  Engineering  Mechanics 
Assigned:  Harry  G.  Armstrong  Aerospace 

Medical  Research  Laboratory 


John  W.J.  Barnaby 

Dept,  of  Electrical  Engineering 

University  of  Alabama 

8ox  6169,  317  Houser  Hall 

Tuscaloosa,  AL  35487-6169 

(205)  348-6351 


Degree :  B.S.,  Electrical  Eng.,  1987 

Specialty:  Electrical  Engineering 
Assigned :  School  of  Aerospace  Medicine 


Kathleen  M.  Bennett 
Dept,  of  Engineering  Mgmt. 
University  of  Dayton 
300  College  Park 
Dayton,  OH  45469 
(513)  229-2699 


Degree:  B.S.,  Mechanical  Eng.,  1984 

Specialty:  Engineering  Management 
Assigned:  Flight  Dynamics  Laboratory 


Mark  N.  Beorkrem 
Dept,  of  Psychology 
Washington  University 
One  Brookings  Drive 
Campus  Box  1125 
St.  Louis,  MO  63130 
(314)  889-6536 


Degree:  B.S.,  Psychology,  1987 

Specialty:  Organizational  Behavior 
Assigned:  Human  Resources  Laboratory: 

Operations  Training  Div. 


Joel  L.  Berg 

Dept,  of  Eng.  Science  &  Mech. 
Virginia  Polytechnic  Inst.&S.U. 
Blacksburg,  VA  24061 
(703)  961-6326 


Degree:  M.S.,  Engr.  Mechanics,  1984 

Specialty:  Structural  Vibrations 
Assigned:  Astronautics  Laboratory 


Darwin  L.  Boyd 
Dept,  of  Physics 
Kent  State  University 
Smith  Laboratory  of  Physics 
Kent,  OH  44242 
(216)  672-2880 


George  C.  Boynton 
Dept,  of  Physics 
University  of  Miami 
P  0  Box  248046 
Coral  Gables,  FL  33124 
(305)  284-2323 


Degree:  B.S.  Physics,  1982 

Specialty:  Condensed  Matter  Physics 
Assigned :  Materials  Laboratory 


Degree:  M.S.,  Physics,  1983 

Specialty:  Physics 

Assigned :  Armament  Laboratory 
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Mark  L.  Brusseau  Degree:  M.S.,  Geology,  1984 

Dept,  of  Soil  Science  Specialty:  Contaminant  Hydrology 

University  of  Florida  Assigned:  Engineering  &  Services  Center 

2169  McCarty  Hall 

Gainesville,  FL  32611-0151 

(904)  392-1951 


Bruce  W.  Bullard  Degree :  B.S.,  Electrical  Eng.,  1988 

Dept,  of  Electrical  Eng.  Specialty:  Electrical  Engineering 

University  of  Colorado  Assigned :  Frank.  J.  Seiler  Research  Lab. 

1420  Austin  Bluffs  Pkwy. 

P  0  Box  7150 

Colorado  Springs,  CO  80933-7150 
(719)  593-3351 


Franklin  A.  Bynum 
Dept,  of  Physics 
Miami  University 
Culler  Hall 
Oxford,  OH  45056 
(513)  529-5657 


Kevin  L.  Carmichael 
Dept,  of  Physics 
Wright  State  University 
Dayton,  OH  45435 
(513)  873-2954 


Lance  H.  Carter 
Dept,  of  Aerospace  Eng. 

Virginia  Polytechnic  Inst.&S.U. 
817  Claytor  Square 
Blacksburg,  VA  24060 
(703)  953-2289 


David  8.  Chenault 
Dept,  of  Physics 
University  of  Alabama 
Center  for  Applied  Optics 
Huntsville,  AL  35899 
(205)  895-6102 


Oaniel  B.  Cook 
Dept,  of  Electro-Optics 
University  of  Dayton 
300  College  Park 
Dayton,  OH  45469 
(513)  228-4111 
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Degree:  B.S.,  Physics,  1987 

Specialty:  Image  Processing 
Assigned:  Avionics  Laboratory 


Degree :  B.S.  Physics,  1986 

Specialty:  Physics 

Assigned :  Armament  Laboratory 


Degree:  B.S.,  Aerospace  Eng.,  1987 

Specialty:  Engineering  Mechanics 
Assigned:  Astronautics  Laboratory 


Degree:  B.S.,  Physics,  1987 
Specialty:  Solid  State  Physics 
Assigned:  Avionics  Laboratory 


Degree :  M.S.,  Physics,  1988 

Specialty:  Physics 

Assigned :  Weapons  Laboratory 


Patricia  P.  Cooper 
Dept,  of  Applied  Psychology 
Francis  Marion  College 
Florence,  SC  29501 
(803)  661-1378 


Degree:  M.A.,  Information  Sci.,  1974 

Specialty:  Psychology 

Assigned:  Human  Resources  Laboratory: 

Operations  Training  Oiv. 


Otis  Cosby,  Jr. 

School  of  Medicine 
Meharry  Medical  College 
1005  D.B.  Todd  Blvd. 
Nashville,  TN  37208 
(615)  327-6223 


Degree :  B.S.,  Natural  Science,  1983 

Specialty:  Natural  Science 

Assigned :  School  of  Aerospace  Medicine 


Richard  E.  Courtney 

Dept,  of  Computing  Info.  &  Sci. 

Kansas  State  University 

234  Nichols  Hall 

Manhattan,  KS  66506 

(913)  532-6350 


Degree:  M.S.,  Computer  Science,  1986 

Specialty:  Computer  Science 

Assigned :  Rome  Air  Development  Center 


Jerry  W.  Dillon 
School  of  Dentistry 
Meharry  Medical  College 
1005  D.B.  Todd  Blvd. 
Nashville,  TN  37208 
(615)  327-6207 


Degree: 

Specialty: 

Assigned: 


M.S.,  Microbiology,  1988 
Microbiology 

School  of  Aerospace  Medicine 


Charles  C.  Drake  Degree: 

Oept.  of  Computer  Science  Specialty: 

Jackson  State  University  Assigned: 

1400  Lynch  StreetTraining  Systems 
Jackson,  MS  39203 
(601)  968-2105 


B.S.,  Computer  Science,  1987 

Computer  Science 

Human  Resources  Laboratory: 


Susan  M.  Oumbacher 
Dept,  of  Aerospace  Eng. 
University  of  Cincinnati 
Cincinnati,  OH  45225 
(513)  475-6185 


Degree:  B.S.,  Aerospace  Eng.,  1986 

Specialty:  Controls 

Assigned :  Flight  Dynamics  Laboratory 


Michael  K.  Ellis 
Dept,  of  Computer  Science/Eng. 
University  of  Arkansas 
1900  N.  Garland 
Fayetteville,  AR  72703 
(501)  575-0722 


Degree :  B.S.,  Computer  Sci.,  1988 

Specialty:  Neural  Network 
Assigned :  Harry  G.  Armstrong  Aerospace 

Medical  Research  Laboratory 
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Bryan  C.  Foos  Degree:  B.S.,  Civil  Engineering,  1988 

Dept,  of  Civil  Engineering  Specialty:  Geotechnical  and  Materials 

Ohio  State  University  Assigned:  Flight  Dynamics  Laboratory 

2070  Neil  Avenue 
Columbus,  OH  43210 
(614)  292-2771 


Ernest  J.  Freeman 

Dept,  of  Biological  Sciences 

Kent  State  University 

Kent,  OH  44240 

(216)  672-2363 


Peter  Gaddis,  Jr. 

Dept,  of  Sociology 
Jackson  State  University 
1400  J.R.  Lynch  Street 
Jackson,  MS  39217 
(601)  968-2350 


Douglas  P.  Gagne 
Dept,  of  Mechanical  Eng. 
University  of  New  Hampshire 
Durham,  NH  03824 
(603)  868-6160 


William  L.  Geisler 
College  of  Polymer  Science 
University  of  Akron 
Akron,  OH  44325 
(216)  375-7500 


Robert  L.  Goetz 
Dept,  of  Mechanical  Eng. 
Ohio  University 
Athens,  OH  45701 
(614)  594-3499 


Oavid  L.  Graham  Degree:  B.S.,  Mechanical  Eng.,  1988 

Dept,  of  Mechanical  Eng.  Specialty:  Mechanical  Engineering 

Northwestern  University  Assigned :  Astronautics  Laboratory 

Tech.  2524 
Evanston,  IL  60208 
(312)  491-3589 


Degree:  B.S.,  Mechanical  Eng.,  1987 

Specialty:  Mechanical  Design 
Assigned:  Materials  Laboratory 


Degree:  B.S.,  Chemical  Eng.,  1988 

Specialty:  Polymeric  Materials 
Assigned :  Astronautics  Laboratory 


Degree:  B.S.,  Mechanical  Eng.,  1988 
Specialty:  Systems  Modeling  &  Dynamics 
Assigned:  Materials  Laboratory 


Degree:  M.A.,  Sociology,  1988 

Specialty:  Alcohol  and  Drug  Studies 
Assigned :  Human  Resources  Laboratory: 

Manpower  and  Personnel  Div. 


Degree:  B.S.,  Zoology,  1985 

Specialty:  Neurochemistry 

Assigned :  School  of  Aerospace  Medicine 


Gary  E.  Griesheim  Degree:  B.S.,  Eng.  Mechanics,  1987 

Dept,  of  Civil  Engineering  Specialty:  Composite  Materials  Design 

Southern  Illinois  University  Assigned :  Astronautics  Laboratory 
Carbondale,  IL  62901 
(618)  536-2368 


Edward  A.  Grissom 
Dept,  of  Electrical  Eng. 
Tennessee  Tech.  University 
1217  Springdale 
Cookeville,  TN  38501 
(615)  526-1036 


Virginia  A.  Gunther 
Dept,  of  Psychology 
State  Univ.  of  New  York 
at  Binghamton 
Binghamton,  NY  13901 
(607)  777-4610 


Douglas  R.  Hansen 
Dept,  of  Civil  Engineering 
Colorado  State  University 
Room  B302 

Ft.  Collins,  CO  80523 
(303)  491-8353 


Thomas  K.  Harkins 
Dept,  of  Mechanical  Eng. 
Louisiana  State  University 
1636  Applewood  Road 
Baton  Rouge,  LA  70808 
(504)  766-3671 


Gary  A.  Hellenga 

Dept,  of  Mathematical  Sciences 

Montana  State  University 

1116  South  Hedges 

Bozeman,  MT  59715 

(406)  994-5360 


Andrew  Hensley 
Oept.  of  Mechanical  Eng. 
University  of  Detroit 
Detroit,  MI  48603 
(313)  927-1242 
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Degree :  8.S.,  Mechanical  Eng.,  1988 

Specialty:  Process  Modeling 
Assigned :  Materials  Laboratory 


Degree:  B.S.,  Mathematics,  1983 

Specialty:  Applied  Mathematics 
Assigned :  Rome  Air  Development  Center 


Degree:  B.S.,  Mechanical  Eng.,  1986 

Specialty:  Flight  Dynamics 
Assigned:  Armament  Laboratory 


Degree:  B.S.,  Wildlife  Biology,  1981 

Specialty:  Environmental  Engineering 
Assigned :  Engineering  &  Service  Center 


Oegree:  M.A.,  Exp.  Psychology,  1978 

Specialty:  Cognitive  Psychology 
Assigned :  Harry  G.  Armstrong  Aerospace 

Medical  Research  Laboratory 


Degree:  B.S.,  Electrical  Eng.,  1983 

Specialty:  Digital  Signal  Processing 
Assigned :  Avionics  Laboratory 


Norman  C.  Holmes 

Oept.  of  Mechanical  Engineering 

University  of  New  Hampshire 

Durham,  NH  03824-3541 

(617)  662-6386 


Stephen  R.  Jenei 
Dept,  of  Biology 
University  of  Dayton 
300  College  Park  Drive 
Oayton,  OH  45469-0001 
(513)  229-2135 


Alan  C.  Jewell 
Dept,  of  Civil  Engineering 
Colorado  State  University 
Fort  Collins,  CO  80521 
(303)  491-5048 


Jennifer  A.  Joyce 

Dept,  of  Chemistry 

Texas  A&M  University 

College  Station,  TX  77843-3255 

(409)  845-5345 


Steven  P.  Kahn  Degree:  B.S.,  Eng.  Science  and 

Dept,  of  Eng.  Science  &  Mech.  Mechanics,  1988 

Virginia  Tech.  University  Specialty:  Engineering  Mechanics 

Blacksburg,  VA  24060  Assigned:  Astronautics  Laboratory 

(703)  953-1966 


Elizabeth  J.  Kavran  Degree:  B.A.,  Biology,  1987 

Dept,  of  Biology  Specialty:  Biology 

University  of  Oayton  Assigned :  Harry  G.  Armstrong  Aerospace 

300  College  Park  Road  Medical  Research  Laboratory 

Dayton,  OH  45429 
(513)  229-7660 


Phyllis  Y.  Keys  Degree:  8.E.,  General  Eng.,  1987 

Dept,  of  General  Engineering  Specialty:  Human  Factors 

University  of  Illinois  Assigned :  Occupational  and  Environment 

909  S.  Fifth  Street  Health  Laboratory 

Champaign,  IL  61820 

(217)  332-5010 


Degree:  B.S.,  Chemistry,  1988 

Specialty:  Inorganic  Chemistry 

Assigned :  Frank.  J.  Seiler  Research  Lab. 


Degree:  B.S.,  Geophysical  Eng.,  1984 

Specialty:  Geophysical  Engineering 
Assigned:  Weapons  Laboratory 


Degree:  B.S.,  Biology,  1986 

Specialty:  Endocrine  Physiology 
Assigned:  Harry  G.  Armstrong  Aerospace 

Medical  Research  Laboratory 


Degree:  B.S.,  Mechanical  Eng.,  1984 

Specialty:  Mechanical  Engineering 
Assigned:  Flight  Dynamics  Laboratory 
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Thomas  £.  Kimble 
Center  for  Space  Sciences 
Physics  Program 
Univ.  of  Texas  at  Dallas 
2601  North  Floyd  Road 
P  0  Box  830688,  M.S.  F0-22 
Richardson,  TX  75083-0688 
(214)  690-2884 


Degree:  B.A.,  Economics,  1981 

Specialty:  Space  Sciences 
Assigned:  Air  Force  Geophysics  Lab. 


Charles  L.  King 
Dept,  of  Industrial  Eng. 
University  of  Arkansas 
4207  Bell  Engineering  Ctr. 
Fayetteville,  AR  72701 
(501)  575-3156 


Degree:  B.S.,  Industrial  Eng.,  1988 

Specialty.  Management 

Assigned :  Human  Resources  Laboratory: 

Logistics  &  Human  Factors  Div. 


Scharine  Kirchoff 
Geophysical  Institute 
Univ.  of  Alaska  -  Fairbanks 
P  0  Box  83328 
Fairbanks,  AK  99708 
(907)  479-5866 


Degree:  M.A.,  Geology,  1986 

Specialty:  Geophysics 

Assigned :  Air  Force  Geophysics  Lab. 


Christopher  G.  Kocher 
Dept,  of  Civil  Engineering 
Southern  Illinois  University 
Carbondale,  IL  62901 
(618)  536-2368 


Qeqree:  B.S.,  Eng.  Mechanics,  1986 

Specialty:  Engineering  Mechanics 
Assigned:  Astronautics  Laboratory 


Michael  J.  Koharchik 
Dept,  of  Engineering  Mechanics 
The  Pennsylvania  State  Univ. 
State  College,  PA  16802 
(814)  237-6527 


Degree:  B.S.,  Aerospace  Eng.,  198/ 

Specialty:  Aerospace  Structures 
Assigned :  Astronautics  Laboratory 


Keith  A.  Krapels 
Dept,  of  Electrical  Eng. 
Memphis  State  University 
Memphis,  TN  38152 
(901)  454-3312 


Degree: 

Specialty: 

Assigned: 


M.S.,  Electrical  Eng.,  1986 
Electrical  Engineering 
Arnold  Engineering 
Development  Center 


Richard  J.  Kunze 

Oept.  of  Psychology 

University  of  Missouri-Columbia 

210  McAlester  Hall 

UMC  Campus 

Columbia,  M0  65211 

(314)  882-4351 


Degree :  B.A.,  Psychology,  1986 

Specialty:  Experimental  Psychology 
Assigned:  Harry  G.  Armstrong  Aerospace 

Medical  Research  Laboratory 
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Thomas  E.  Lane 
Dept,  of  Chemistry 
Ball  State  University 
Muncie,  IN  47306 
(317)  285-8078 


Degree:  B.S.,  Biology,  1988 

Specialty:  Immunology  &  Microbiology 
Assigned:  School  of  Aerospace  Medicine 


Bobby  L.  Larry 
Oental  School 
Meharry  Medical  College 
1005  D.B.  Todd  Blvd. 
Nashville,  TN  37208 
(615)  322-9819 


Degree:  B.S.,  Biology,  1978 

Specialty:  Oentistry 

Assigned:  Wilford  Hall  Medical  Center 


Aleshia  C.  Lewis 
Dept,  of  Biology 
Meharry  Medical  College 
1005  D.B.  Todd  Blvd. 
Nashville,  TN  37208 
(615)  327-6111 


Degree:  B.S.,  Microbiology,  1986 

Specialty:  Microbiology 

Assigned :  Wilford  Hall  Medical  Center 


Yuhong  Y.  Li 

Dept,  of  Computer  Science 
University  of  Nebraska 
Lincoln,  NE  68588 
(402)  472-7211 


Yolanda  A.  Malone 
Dept,  of  Pharmacology 
Meharry  Medical  College 
1005  D.B.  Todd  Blvd. 
Nashville,  TN  37208 
(615)  327-6111 


Degree: 

Specialty: 

Assigned: 


M.S.,  Chemical  Eng.,  1977 
Chemical  Engineering 
Avionics  Laboratory 


Degree: 

Specialty: 

Assigned: 


M.S.,  Medicine,  1988 
Medicine 

School  of  Aerospace  Medicine 


Randal  L.  Mandock 

School  of  Geophysical  Science 

Georgia  Inst,  of  Technology 

Atlanta,  GA  30332 

(404)  894-3890 


Degree:  M.S.,  Atmospheric  Sci.,  1986 

Specialty:  Atmospheric  Science 
Assigned:  Avionics  Laboratory 


David  L.  Mayfield 

Dept,  of  Ind./Org.  Psychology 

University  of  Georgia 

Athens,  GA  30602 

(404)  542-3053 


Degree:  B.S.,  Psychology,  1987 

Specialty:  Industrial/Organ.  Psychology 
Assigned :  Human  Resources  Laboratory: 

Manpower  and  Personnel  Div. 


x 


John  E.  McCord 
Dept,  of  Chemistry 
Murray  State  University 
Murray,  KY  42071 
(502)  762-4490 


Degree:  B.S.,  Chemistry,  1987 

Specialty:  Physical  Chemistry 
Assigned:  Weapons  Laboratory 


David  8.  McKenzie 
Dept,  of  Civil  Engineering 
Michigan  Technological  Univ. 
Houghton,  MI  49931 
(906)  482-4882 


Degree:  B.S.,  Civil  Eng.,  1988 

Specialty:  Environmental  Engineering 
Assigned:  Engineering  &  Services  Center 


Salvatore  P.  Mi  cel i  Degree: 

Dept,  of  Aerospace  Eng.  Sciences  Specialty: 
Univ.  of  Colorado  -  Boulder  Assigned: 

Campus  Box  429 
Boulder,  CO  80309-0429 
(303)  492-6417 


8.S.,  Aerospace  Eng.,  1988 
Unsteady  Aerodynamics 
Frank.  J.  Seiler  Research  Lab. 


Hisook  L.  Min 
Division  of  Basic  Studies 
Jarvis  Christian  College 
Hawkins,  TX  75765 
(214)  769-2174 


Degree:  M.S.,  Computer  Science,  1987 

Specialty:  Applied  Physics 
Assigned:  Armament  Laboratory 


Deborah  J.  Mitchell 
Dept,  of  Chemistry 
Prairie  View  A&M  University 
Drawer  C 

Prairie  View,  TX  77446 
(409)  857-3910 


Degree:  B.S.,  Chemistry,  1986 

Specialty:  Biochemistry 
Assigned:  Harry  G.  Armstrong  Aerospace 

Medical  Research  Laboratory 


William  A.  Moran 

Dept,  of  Chemistry 

Calif.  State  Univ.  -Northridge 

18111  Nordhoff  Street 

Northridge,  CA  91330 

(818)  885-3381 


Degree:  B.S.,  Chemistry,  1986 

Specialty.  Chemistry 

Assigned :  Astronautics  Laboratory 


William  0.  Morse 
Dept,  of  Electrical  Eng. 
Ohio  State  University 
205  Dresser  Laboratory 
2015  Neil  Avenue 
Columbus,  OH  43210-1272 
(614)  292-2572 


Degree:  B.S.,  Electrical  Eng.,  1987 

Specialty:  Electrical  Engineering 
Assigned :  Flight  Dynamics  Laboratory 
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Lisa  F.  Weinstein 
Dept,  of  Psychology 
Univ.  of  Illinois 
at  Urbana-Champaign 
Aviation  Research  Lab.,  Q5 
#1  Airport  Road 
Savoy,  IL  61874 
(217)  244-8728 


Degree:  M.A.,  Experimental  Psy.,  1987 

Specialty:  Engineering  Psychology 
Assigned:  Harry  G.  Armstrong  Aerospace 

Medical  Research  Laboratory 


Michael  A.  Zmuda 
Dept,  of  Computer  Science 
Wright  State  University 
Dayton,  OH  45324 
(513)  873-2491 


Degree: 

Specialty: 

Assigned: 


B.S.,  Compt.  Sci.  &  Math,  1987 
Pattern  Recognition 
Avionics  Laboratory 
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Robert  G.  Petroit 

Dept,  of  Elect.  &  Compt.  Eng. 

Illinois  Institute  of  Tech. 

3300  So.  Federal 

Chicago,  IL  60616 

(312)  567-3400 


Degree:  B.S.,  Electrical  Eng.,  1987 

Specialty:  Communications  Systems 
Assigned :  Rome  Air  Development  lancet 


Peter  E.  Pidcoe 
Dept,  of  Bioengineering 
University  of  Illinois 
Box  4348 

Chicago,  IL  60680 
(312)  996-2331 


Degree:  B.S.,  Environ.  Mgmt.,  1988 

Specialty:  Signal  Processing 
Assigned :  Human  Resources  Laboratory: 

Operations  Training  Div. 


Steven  J.  Pierce 
Dept,  of  Civil  Engineering 
Geotechnical  Program 
Colorado  State  University 
Fort  Collins,  CO  80523 
(303)  491-5048 


Degree:  B.S.,  Geology,  1985 

Specialty:  Geotechnical  Engineering 
Assigned :  Engineering  &  Services  Center 


Julia  Rennenkampff 
Dept,  of  Mathematics 
New  York  University 
251  Mercer  Street 
New  York,  NY  10012 
(212)  998-3140 


Degree:  M.S.,  Mathematics,  1987 

Specialty:  Waves  in  Random  Media 
Assigned:  School  of  Aerospace  Medicine 


Robert  J.  Riley 
Dept,  of  Mech.  &  Aero. 
Cornell  University 
105  Upson  Hall 
Ithaca,  NY  14853 
(607)  255-3623 


Eng. 


Degree:  B.S.,  Mechanical  Eng.,  1987 
Specialty:  Combustion,  Fluid  Dynamics 
Assigned:  Aero  Propulsion  Laboratory 


Mary  C.  Ritter 
Dept,  of  Biology 
Trinity  University 
715  Stadium  Dr. 

Box  937 

San  Antonio,  TX  78284 
(512)  737-4782 


Degree:  B.A.,  Biology,  1988 

Specialty:  Biological  Oceanography 
Assigned:  School  of  Aerospace  Medicine 


Jacqueline  Roberts 
Dept,  of  Chemistry 
Wright  State  University 
229  Oelman  Hall 
Dayton,  OH  45435 
(513)  873-2855 


Degree:  B.S.,  Chemistry,  1986 

Specialty:  Toxicology 
Assigned :  Harry  G.  Armstrong  Aerospace 

Medical  Research  Laboratory 
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James  0.  Roberts  Degree:  B.S.,  Electrical  Eng.,  1988 

Dept,  of  Engineering  Specialty:  Order  Statistic  Filters 

Univ.  of  Texas-San  Antonio  Assigned:  School  of  Aerospace  Medicine 

San  Antonio,  TX  78285 
(512)  691-4490 


Matthew  S.  Rubin 

Dept,  of  Elect.  &  Compt.  Eng. 

Ohio  University 

West  Green  Drive 

Stocker  Center  329 

Athens,  OH  45701-2979 

(614)  593-1568 


John  Y.  Salinas 
Dept,  of  Medicine 
Meharry  Medical  College 
1005  D.B.  Todd  Blvd. 
Nashville,  TN  37208 
(615)  327-4537 


Eric  0.  Schmidt 

Dept,  of  Geophysical  Science 

Georgia  Inst,  of  Technology 

Atlanta,  GA  30332 

(404)  894-3897 


Gregory  A.  Schoeppner 
Dept,  of  Civil  Engineering 
Ohio  State  University 
470  Hitchcock 
2070  Neil  Avenue 
Columbus,  OH  43210 
(614)  292-7304 


Douglas  J.  Sego 

Dept,  of  Organ. /Behavior  Mgmt. 
Michigan  State  University 
232  Eppley  East 
Lansing,  MI  48824 
(517)  353-5414 


Anne  L.  Siegman  Degree:  8. A.,  Mathematics,  1986 

Dept,  of  Mathematics  Specialty:  Mathematics 

University  of  Miami  Assigned:  Armament  Laboratory 

1107N  1239  Dickinson  Dr. 

Coral  Gables,  FL  33146 
(305)  284-2925 


Degree:  8. A.,  Business  Info.,  1987 

Specialty:  Organization/Behavior 
Assigned :  Human  Resources  Laboratory: 

Training  Systems 


Degree:  M.S.,  Civil  Eng.,  1987 

Specialty:  Civil  Engineering 
Assigned:  Flight  Dynamics  Laboratory 


Degree:  M.S.,  Physics,  1983 
Specialty:  Atmospheric  Science 
Assigned:  Avionics  Laboratory 


Degree:  M.S.,  Biochemistry,  1984 

Specialty:  Medicine 

Assigned :  Wilford  Hall  Medical  Center 


Degree:  B.S.,  Electrical  Eng.,  1987 

Specialty:  Microwave  Network  Theory 
Assigned :  Rome  Air  Development  Center 


Jeff  P.  Simmons 
Oept.  of  Engineering 
Carnegie  Mellon  University 
Pittsburgh.  PA  15213 
(412)  268-2684 


Degree:  M.S.,  Engineering,  1985 

Specialty:  Materials  Science 
Assigned:  Materials  Laboratory 


Kimberly  F.  Smith 
Dept,  of  Medicine 
Meharry  Medical  College 
P  0  Box  935 
1005  0.8.  Todd  Blvd. 
Nashville,  TN  37208 
(615)  327-6308 


Degree:  B.S.,  Microbiology,  1986 

Specialty:  Epidemiology 

Assigned:  Wilford  Hall  Medical  Center 


Brian  K.  Spielbusch 
Dept,  of  Electrical  Eng. 
Univ.  of  Missouri-Columbia 
Truman  Campus 
600  W.  Mechanic 
Independence,  MO  64050 
(816)  276-1250 


Degree:  B.S.,  Electrical  Eng.,  1985 

Specialty:  Electro  Optics 
Assigned :  Weapons  Laboratory 


Daryl  W.  Sprehn 

Dept,  of  Elect,  Eng.  Tech. 

Oregon  Inst,  of  Technology 

3201  Campus  Drive 

Klamath  Falls,  OR  97601-8801 

(503)  882-6890 


Degree:  B.S.,  Electrical  Eng.,  1988 
Specialty:  Electromagnetic  Propagation 
Assigned:  Rome  Air  Development  Center 


Christopher  Sullivan 
Dept,  of  Psychology 
Colorado  State  University 
Fort  Collins,  CO  80523 
(303)  491-7184 


Degree:  M.S.,  Psychology,  1986 

Specialty:  Experimental  Psychology 
Assigned :  Harry  G.  Armstrong  Aerospace 

Medical  Research  Laboratory 


David  A.  Swick 


Dept,  of  Mechanical  Eng. 
Ohio  University 
723  Carriage  Hill 
Athens,  OH  45701 
(614)  594-4818 


Degree:  B.S.,  Mechanical  Eng.,  1987 

Specialty:  Mechanical  Design 
Assigned :  Materials  Laboratory 


Richard  A.  Swift 
Dept,  of  Aero.  &  Mech.  Eng. 
University  of  Notre  Oame 
Notre  Dame,  IN  46556 
(219)  239-5430 


Degree:  B.S.,  Aeronautical  Eng.,  1987 

Specialty:  Structural  Mechanics 
Assigned :  Flight  Dynamics  Laboratory 
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Paul  R.  Tanner 
Oept.  of  Physiology 
Meharry  Medical  College 
Nashville,  TN  37212 
(615)  269-0873 


Degree;  8. A.,  Psychology,  1986 
Specialty;  Sensory  Neurophysiology 
Assigned;  Wilford  Hall  Medical  Center 


David  F.  Thompson 
School  of  Mechanical  Eng. 
Purdue  University 
West  Lafayette,  IN  47906 
(317)  494-4903 


Degree;  M.S.,  Engineering,  1985 
Specialty;  Computer  Information 
Assigned;  Flight  Dynamics  Laboratory 


Ronald  C.  Tomlinson 
Dept,  of  Chemistry 
Wright  State  University 
Dayton,  OH  45435 
(513)  873-2855 


Degree:  B.S.,  Chemistry,  1987 

Specialty;  Polymer  Synthesis 
Assigned ;  Materials  Laboratory 


Robert  W.  Tramel 

Dept,  of  Mathematics 

Univ.  of  Tennessee  Space  Inst. 

Tullahoma,  TN  37388-8897 

(615)  455-0631 


Degree: 

Specialty; 

Assigned; 


B.S.,  Physics,  1986 
Computational  Fluid  Mechanics 
Arnold  Engineering 
Development  Center 


Tien  N .  Tran 

Dept,  of  Elect.  &  Comp.  Eng. 
University  of  Cincinnati 
Cincinnati,  OH  45221 
(513)  475-4247 

John  P.  VanTassel 
Dept,  of  Computer  Science 
Wright  State  University 
Dayton,  OH  45435 
(513)  873-2491 


Deborah  L.  Vezie 
Dept,  of  Chemical,  Bio., 
and  Materials  Engineering 
Arizona  State  University 
COB  8210 

Tempe,  AZ  85287 
(602)  965-3313 


Degree:  M.S.,  Electrical  Eng.,  1988 

Specialty;  Image  Coding 
Assigned:  Avionics  Laboratory 


Degree:  B.A.,  Computer  Studies,  1987 

Specialty;  Formal  Specifications 
Assigned:  Avionics  Laboratory 


Degree:  B.S.,  Biomedical  Eng.,  1987 

Specialty;  Materials  Science  &  Eng. 
Assigned :  Materials  Laboratory 


Oden  L.  Warren 
Dept,  of  Chemistry 
Iowa  State  University 
Ames,  IA  50011 
(515)  294-6342 


Degree :  B.S.,  Chemistry,  1988 

Specialty;  Physical  Chemistry 
Assigned :  Materials  Laboratory 
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Lisa  F.  Weinstein  Degree:  M.A.,  Experimental  Psy.,  1987 

Dept,  of  Psychology  Specialty:  Engineering  Psychology 

Univ.  of  Illinois  Assigned:  Harry  G.  Armstrong  Aerospace 

at  Urbana-Champaign  Medical  Research  Laboratory 

Aviation  Research  Lab.,  05 
#1  Airport  Road 
Savoy,  IL  61874 
(217)  244-8728 


Michael  A.  Zmuda  Degree:  B.S.,  Compt.  Sci.  &  Math,  1987 

Dept,  of  Computer  Science  Specialty:  Pattern  Recognition 

Wright  State  University  Assigned :  Avionics  Laboratory 

Dayton,  OH  45324 
(513)  873-2491 
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PARTICIPANT  LABORATORY  ASSIGNMENT  (Page  1 


1988  USAF/UES  GRADUATE  STUDENT  RESEARCH  PROGRAM 

AERO  PROPULSION  LABORATORY  (AFWAL/APL) 

(Wright-Patterson  Air  Force  Base) 


1 . 

Robert  Riley 

ARMAMENT 

LABORATORY  (AD) 

(Eglin  Air  Force  Base) 

1 . 

George  Boynton 

4. 

Hisook  Min 

2. 

David  Chenault 

5. 

Thomas  Olsen 

3. 

Thomas  Harkins 

6. 

Anne  Siegman 

HARRY  G. 

ARMSTRONG  AEROSPACE 

MEDICAL  RESEARCH 

LABORATORY  ( AAMRL) 

(Wright-Patterson  Air 

Force  Base) 

1 . 

Daniel  Barineau 

6. 

Richard  Kunze 

2. 

Michael  Ellis 

7. 

Deborah  Mitchell 

3. 

Virginia  Gunther 

8. 

Jacqueline  Roberts 

4. 

Stephen  Jenei 

9. 

Christopher  Sullivan 

5. 

Elizabeth  Kavran 

10. 

Lisa  Weinstein 

ARNOLD  ENGINEERING  DEVELOPMENT  CENTER  (AEDC) 
(Arnold  Air  Force  Base) 

1.  Ben  Abbott 

2.  Keith  Krapels 

3.  Robert  Tramel 

ASTRONAUTICS  LABORATORY  (AL) 

(Edwards  Air  Force  Ba'.e) 


1 . 

Joel  Berg 

6. 

Steven  Kahn 

2. 

Lance  Carter 

7. 

Christopher  Kocher 

3. 

William  Geisler 

8. 

Michael  Koharchik 

4. 

David  Graham 

9. 

William  Moran 

5. 

Gray  Griesheim 

AVIONICS  LABORATORY  (AFWAL/AL) 

(Wright-Patterson  Air  Force  Base) 

1 . 

John  Bambery 

7. 

Phillip  Pace 

2. 

Kevin  Carmichael 

8. 

Eric  Schmidt 

3. 

Daniel  Cook 

9. 

Tien  Tran 

4. 

Edward  Grissom 

10. 

John  VanTassel 

5. 

Yuhong  Li 

11. 

Michael  Zmuda 

6. 

Randal  Mandock 

ENGINEERING 

AND  SERVICES  CENTER  (ESC) 

(Tyndall  Air  Force  Base) 

1 . 

Mark  Brusseau 

4. 

James  Normann 

2. 

Oouglas  Hansen 

5. 

Steven  Pierce 

3. 

David  McKenzie 

C.  PARTICIPANT  LABORATORY  ASSIGNMENT  (Page  21 

FLIGHT  DYNAMICS  LABORATORY  (FDL) 

(Wright-Patterson  Air  Force  Base) 


1 . 

Kathleen  Bennett 

5. 

William  Morse 

2. 

Susan  Oumbacher 

6. 

Gregory  Schoeppner 

3. 

Bryan  Foos 

7. 

Richard  Swift 

4. 

Norman  Holmes 

8. 

David  Thompson 

FRANK  J.  SEILER  RESEARCH  LABORATORY  ( FJSRL) 
(USAF  Academy) 

1 .  Bruce  Bui  lard 

2.  Jennifer  Joyce 

3.  Salvatore  Miceli 

GEOPHYSICS  LABORATORY  (AFGL) 

(Hansom  Air  Force  Base) 

1.  Thomas  Kimble 

2.  Scharine  Kirchoff 

3.  Thomas  Pentecost 


HUMAN  RESOURCES  LABORATORY 


(Brooks,  Williams  and 

Wright-Patterson 

Air  Force  Bases) 

1 . 

John  Allison 

6. 

Charles  King 

2. 

Mark  Beorkrem 

7. 

David  Mayfield 

3. 

Patricia  Cooper 

8. 

Jerome  Nadel 

4. 

Charles  Drake 

9. 

Peter  Pidcoe 

5. 

Peter  Gaddis 

10. 

Douglas  Sego 

MATERIALS  LABORATORY  (ML) 

(Wright-Patterson  Air 

Force  Base) 

1 . 

James  Angelo 

6. 

Jeff  Simmons 

2 . 

Darwin  Boyd 

7. 

David  Swick 

3. 

Douglas  Gagne 

8. 

Ronald  Tomlinson 

4. 

Robert  Goetz 

9. 

Deborah  Vezie 

5. 

Andrew  Hensley 

10. 

Oden  Warren 

OCCUPATIONAL  AND  ENVIRONMENT  HEALTH  LABORATORY  (OEHL) 
(Brooks  Air  Force  Base) 

1 .  Phyllis  Keys 
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C.  PARTICIPANT  LABORATORY  ASSIGNMENT  (Page  3 

ROME  AIR  DEVELOPMENT  CENTER  (RADC) 

(Griffiss  Air  Force  Base) 


1 . 

Richard  Courtney 

4. 

Matthew  Rubin 

2. 

Gary  Hellenga 

5. 

Daryl  Sprehn 

3. 

Robert  Petroit 

SCHOOL  OF 

AEROSPACE  MEDICINE  (SAM) 

(Brooks  Air  Force  Base) 

1 . 

John  Barnaby 

7. 

Conrad  Murray 

2. 

Otis  Cosby 

8. 

Christine  Nelson 

3. 

Jerry  Dillon 

9. 

Julia  Rennenkampff 

4. 

Ernest  Freeman 

10. 

Mary  Ritter 

5. 

Thomas  Lane 

11 . 

James  Roberts 

6. 

Yolanda  Malone 

WEAPONS  LABORATORY  (WL) 

(Kirtland  Air  Force  Base) 

1 . 

Franklin  Bynum 

3. 

John  McCord 

2. 

Alan  Jewell 

4. 

Brian  Spielbusch 

WILFORD  HALL  MEDICAL  CENTER  (WHMC) 

(Lackland  Air  Force  Base) 

1 . 

Antoinne  Able 

5. 

John  Salinas 

2. 

Stanley  Adams 

6. 

Kimberly  Smith 

3. 

Bobby  Larry 

7. 

Paul  Tanner 

4. 

Aleshia  Lewis 
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RESEARCH  REPORTS 


1988  GRADUATE  STUDENT  RESEARCH  PROGRAM 


Technical 

Report 

Number 

Title 

Graduate  Researcher 

Volume  I 

Armament  Laboratory 

1 

Two  Dimensional  Simulation  of  Railgun 

Plasma  Armatures 

George  C.  Boynton 

2 

Mueller  Matrix  Infrared  Polarimetry 

David  Chenault 

3 

Determining  the  Aerodynamic  Coefficients 
of  High  L/D  Projectiles  Using  a  Body- 
Fixed  Coordinate  System 

Thomas  Harkins 

4 

Filter  Design  and  Signal  Processing  in 
the  Development  of  Target-Aerosol 
Discrimination  Techniques  for  Active 

Optical  Proximity  Sensors 

Hisook  Min 

5 

Viscous  Grid  Generation  About  a  Two-Store 
Mutual  Interference  Problem 

Thomas  Olsen 

6 

Arima  Modeling  of  Residuals  in  AD/KR 

TDOP  Models 

***  Same  Report  as  Dr.  Shamma*** 

Anne  Siegman 

Arnold  Engineering  Development  Center 

7 

MULTIGRAPH  Kernel  for  Transputer  Based 
Systems 

Ben  Abbott 

8 

Performance  Analyses  of  an  IR  Laser 

Scanner  System  Utilizing  Bragg  Cell 
Oeflectors  and  Modulator  for  Writing 
Oirectly  on  FPAs  Under  Test 

Keith  Krapels 

9 

Test  of  a  Locally  Implicit  Method  for  the 
Euler  Equations  and  an  Artificial  Dissi¬ 
pation  Scheme 

Robert  Tramel 

Astronautics 

Laboratory 

10 

Ground-Based  Experimental  Control 

Techniques  for  Space-Based  Structures 

Joel  Berg 

11 

An  Observer  Design  for  the  AFAL  Grid 

Lance  Carter 

12 

Rheometrics  Stress  Rheometer  Applications 

William  Geisler 

xxi  i  i 


13 

Stability  of  Jets  Under  the  Supercritical 
State 

David  Graham 

14 

In-Plane  Fracture  in  2-0  Carbon-Carbon 

Gary  Griesheim 

15 

Experimental  Verification  of 

Identification  Spillover  for 

Distributed  Structures 

Steven  Kahn 

16 

The  Effects  of  Elevated  Temperature 

Exposure  on  the  Strength  and  Micro¬ 
structure  of  2-0  Carbon-Carbon 

Christopher  Kocher 

17 
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ABSTRACT 


Turbulent  jet  diffusion  flames  were  seeded  with  TiCl*  vapor  which  reacted 
with  the  water  of  combustion  to  form  micron  size  TiO*.  particles  near  the 
reaction  zone.  The  light  scattering  ability  of  the  TiO*  particles  is  known  to 
decrease  rapidly  as  the  temperature  of  the  particles  nears  1.100  ®K  ,  thus  the 
visual  particle  seed  interface  within  the  flame  is  expected  to  roughly  follow 
the  1,100  °K  isotherm.  This  particle  seed  interface  was  visualized  by  pulsing  a 
thin  ("'-1  mm)  laser  sheet  of  short  time  duration  (~10  ns)  through  the  jet  flame, 
and  recording  the  reflected  light  on  photographic  film.  The  image  of  the  seed 
interface  was  then  digitized,  thus  giving  a  set  of  (x,y)  data  points  describing 
the  interface.  From  this  data  a  measure  of  the  roughness  or  contortion  of  the 
surface  was  obtained  by  computing  the  fractal  dimension  of  the  surface  using 
a  line-segment  length  approximation  algorithim.  From  the  small  sample  of 
flame  images  analyzed  (20),  the  preliminary  results  showed  that  the  seed 
interface  (approximate  isotherm)  was  indeed  fractal,  with  an  average  fractal 
dimension  of  approximately  2.4  for  high  Reynolds  number  turbulent  jet 
diffusion  flames. 
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I.  INTRODUCTION 


In  most  pratical  combustion  applications  the  burning  of  hydrocarbon  fuels 
takes  place  in  the  turbulent  regime,  meaning  that  the  combustion  process  is 
coupled  with  an  intense  fluctuating  flow  field.  Very  little  is  understood  about 
the  exact  mechanisms  that  give  rise  to  turbulence,  much  less  how  they  distort 
the  combustion  process.  Currently  there  is  much  research  in  the  area  of 
turbulent  combustion  aimed  at  assesing  the  effects  of  the  turbulent  flow  field 

on  the  combustion  process  and  vice  versa. 

One  of  the  main  research  thrusts  of  the  Aero  Propulsion  Labs  at  Wright- 

Patterson  AFB  is  the  experimental  investigation  of  various  turbulent 
combustion  configurations.  The  facilities  span  the  range  from  small  lube 

burners  up  to  near  full-scale  jet  engine  combustor  simulations.  One  of  the 
forms  of  data  availible  from  the  experiments  is  instantaneous  2-D  flow 
visualization  of  the  combusion  region.  This  is  accomplished  by  seeding  the 
flow  with  various  types  of  micron  size  particles  and  then  illuminating  the  flow 
area  with  a  thin  laser  sheet  pulse.  In  this  manner  some  of  the  flow  features 
occuring  within  the  combusing  region  can  be  deduced  from  the  visual  seed 

patterns. 

My  research  deals  with  trying  to  model  the  distortion  of  the  reaction  zone  in 
turbulent  diffusion  flames  due  to  the  turbulent  velocity  fluctuations  from  the 
fiowfield.  One  method  to  view  distorted  surfaces  within  the  combustion  zone  is 
to  seed  the  flow  with  particles  which  arc  known  to  rapidly  lose  their  light 
scattering  properties  at  a  given  temperature,  thus  revealing  an  approximately 
isothermal  surface.  From  the  image  of  this  seed  interface  the  fractal 

dimension  of  the  isothermal  surface  may  be  computed,  thus  giving  an 

indication  of  how  contorted  the  isotherms  have  become  due  to  the  turbulence. 
In  the  case  of  diffusion  flames  it  is  noted  that  high  temperature  isotherms  may 
not  be  "near  by"  the  actual  reaction  zone  since  hot  product  gases  arc 

constantly  diffusing  away  from  the  reaction  zone,  thus  broading  the  flame 
sturcture.  However,  it  is  still  important  to  characterize  the  isotherms  near  the 

reaction  zone  as  a  first  step  toward  understanding  the  total  flame  structure. 
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II.  OBJECTIVES  OF  THE  RESEARCH 


In  turbulent  combustion  it  is  recognized  that  the  surface  or  zone  where 
chemical  reactions  take  place  becomes  contorted  due  to  interaction  with  the 
turbulent  flowfield.  Just  how  contorted  the  surface  becomes  depends  on  a 
number  of  different  parameters:  Reynolds  number,  turbulent  intensities, 
speed  of  the  chemical  reactions,  combustor  geometries,  etc...  One  would  like  to 
be  able  to  characterize  the  degree  of  contortion  of  the  reaction  zone  by  some 
quantitative  means,  rather  than  just  describing  it  as  "  rough,  squiggly,  blob¬ 
like,  etc...".  The  fractal  dimension  of  a  geometric  surface  is  a  quantitative 

measure  of  the  topological  complexity  of  rough  surfaces.  For  "smooth” 

surfaces  the  fractal  dimension  is  2,  as  in  euclidiean  geometry,  and  for  "space 
filling"  surfaces  the  fractal  dimension  approaches  3,  the  euclidiean 
dimension  for  a  volume  (Mandelbrot,  1983). 

My  goal  for  this  summer's  work  as  a  participant  in  the  1988  Summer  Graduate 
Student  Research  Program  was  originally  to  experimentally  determine  the 
fractal  dimension  D,  for  the  reaction  surface  in  high  Reynolds  number 
turbulent  jet  diffusion  flames  under  variations  in  Reynolds  number  and  initial 
turbulence  level  (jet  exit  conditions).  After  seeing  the  images  obtained  from 
the  laser  sheet  lighting  technique  using  the  reacting  TiCl*  scheme  and 

discussing  the  results  with  researchers  at  Wright-Pattcrson,  it  was  decided  to 
try  different  types  of  seed  particles  in  order  to  assess  how  well  the  seed 
interface  represented  the  reaction  surface.  Although  not  originally  intended, 

a  substantial  portion  of  my  time  this  summer  was  devoted  to  the  question  of 
whether  or  not  the  seed  interfaces  actually  represented  anything  remotely 
like  the  reaction  surface.  This  is  a  tough  question  for  diffusion  flames  since 

diffusion  of  products  causes  the  flame  structure  to  grow  with  downstream 

distance,  and  unfortunately  a  definite  answer  was  not  found.  However,  1  feel 
that  the  time  was  well  spent  in  that  it  raised  many  important  questions  and 

prompted  ideas  that  may  resolve  the  issue  with  future  experiments. 
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III.  FRACTAL  DIMENSION 


a.  As  previously  mentioned,  the  main  thurst  of  my  work  this  summer  was  to 
determine  the  fractal  dimension  of  the  reaction  surface  occuring  in  turbulent 
diffusion  flames.  The  fractal  dimension  gives  a  measure  of  the  contortedness 
of  a  surface,  but  it  does  not  to  all  types  of  surfaces.  In  general,  fractal 

geometry  is  used  to  describe  complex  shapes  which  possess  an  underling 
pattern  which  holds  over  a  large  range  of  length  scales.  One  can  imaging 
viewing  a  fractal  object  which  has  some  characteristic  geometric  pattern. 

Upon  magnification  of  the  object,  the  same  general  patterns  appear,  and  after 

another  magnification  the  patterns  still  appear,  and  so  on  and  so  on.  Thus  as 
one  looks  deeper  and  deeper  into  the  structure  of  a  fractal  object,  more  and 

more  detail  is  seen,  yet  similar  patterns  occur  at  every  level  of  detail.  Objects 
possessing  this  property  are  termed  self-similar,  meaning  that  they  possess 
the  same  characteristics  at  all  levels  of  detail.  In  the  context  of  this  work,  the 
concepts  of  "fractal"  and  "geometrically  self-similar"  behavior  will  be  taken  as 
equivalent.  The  use  of  fractals  however  introduces  a  quantitative  description 
of  the  geometry,  the  fractal  dimension  D. 

As  a  more  concrete  example,  consider  a  line  in  space  which  is  contorted  over  a 
wide  range  of  length  scales.  To  cover  the  length  of  the  line  one  could  inscribe 
straight  line  segments  of  length  £  over  it  (sec  fig.  1.).  The  approximate  length 
of  the  line  would  be  the  number  of  line  segments  of  length  epsilon  Nee)  ,  times 
the  length  epsilon.  As  the  size  of  £  is  made  smaller,  the  number  of  segments 
required  to  cover  the  line  increases  as  expected.  However,  for  a  fractal  object 
the  number  of  line  segments  increases  as, 

N(e)  -  C.£.  a  c©i*54av\\  ($ 

where  D  is  defined  as  the  fractal  dimension.  Thus  the  length  of  the  contorted 
line  increases  as, 

Lfc)  -  NceVg  =  C£1_P  (2.) 

As  seen  from  this  definition,  the  fractal  dimension  D  describes  how  rapidly  the 
effective  length  of  the  line  increases  as  one  uses  smaller  measurement  scales. 
Thus  we  now  have  a  quantitative  measure  of  the  contortion  of  an  object.  That 
is,  if  an  object  is  contorted  over  many  length  scales  then  it  is  intuitive  that  a„ 
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one  views  the  object  at  smaller  scales,  previously  unseen  details  appear;  but 
the  fractal  dimension  now  gives  a  measure  of  how  rapidly  this  happens,  which 
is  a  measure  of  the  contortion.  Also  note  from  the  above  expressions  that  for  a 
"smooth"  line,  the  euclidiean  dimension  is  1,  and  therefore  its  length  is  a 
constant  and  does  not  vary  as  the  measurement  scale  is  varied.  For  a  thorough 
discussion  of  fractal  geometry  see  the  references  (Mandelbrot,  1983)  and 
(Peitgen  et  al.,  1988). 

One  way  to  compute  the  f*  '*al  dimension  of  an  arbitrary  contorted  curve  is  to 
use  a  computer  code  which  actually  implements  the  line  segment 
approximation  to  the  curve.  Once  a  table  of  length  L  vs.  measurement  scale  is 
calculated,  the  results  are  plotted  on  a  log-log  graph.  Taking  the  log  of  eqn.  2 
we  see  that  the  resulting  slope  from  the  graph  is  equal  to  1-D,  (see  fig  2.) 

L  =  -V  logC.  (3} 

This  was  the  approach  taken  with  the  flame  photograph  data.  From  the  film 
negatives  the  seed  interface  was  digitized  and  the  resulting  file  of  sequential 
(x,y)  points  was  operated  on  by  the  algorilhim.  In  this  method  it  is  the  fractal 
dimension  of  the  intersection  of  the  contorted  seed  interface  and  the  laser 
sheet  that  is  being  measured.  This  intersection  is  a  curve  and  therefore  has  a 
fractal  dimension  between  1  and  2.  What  is  really  desired  is  the  fractal 
dimension  of  the  actual  seed  interface  surface,  which  thus  has  a  fractal 
dimension  between  2  and  3.  In  this  analysis  it  was  assumed  that  the  fractal 
dimension  for  the  surface  was  equal  to  the  fractal  dimension  of  the  curve  plus 
one,  based  on  the  analogous  relationship  in  euclidiean  geometry. 

Qov4«ct  =  •+  1  M 

If  the  fractal  surface  is  isotropic  then  this  result  should  hold  (Srcenivasan, 
1986).  In  the  case  of  jet  flames  there  is  symmetry  about  the  jet  axis  so  there  is 
expected  to  be  some  slight  dependence  of  the  measured  fractal  dimension  on 
the  orientation  of  the  intersecting  laser  sheet. 
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IV.  EXERIMENTAL  METHOD  AND  RESULTS 


a.  The  experimental  set-up  used  in  this  study  consisted  of  a  Nd-YAG  pulsed 
laser,  a  vertical  burner  assembly  with  various  nozzel  sizes,  and  a  large  format 
Hasselblad  camera  which  was  synched  to  the  laser  pulse,  (Chen  &  Roquemore, 
1986).  The  flow  was  seeded  by  mixing  the  fuel  with  either  preformed  particles 
or  TiCl*  gas  which  reacted  with  the  water  formed  from  combustion  to  form 
micron  sized  TiOa  particles.  Since  the  various  seeds  rapidly  lose  their  light 
scattering  ability  at  known  temperatures,  the  seed/no-seed  interface  is 
assumed  to  approximately  represent  an  isotherm,  (see  Fig.  3).  The  interface  is 
recorded  on  film  by  pulsing  a  thin  sheet  (~  1mm)  of  short  duration  (-~  10ns) 
laser  light  through  it  in  synch  with  the  camera  shutter.  Thus  a  virtually 
instantaneous  2-D  slice  of  the  seed  interface  surface  is  obtained,  (see  fig.  4). 
Approximately  500  photos  of  turbulent  jet  methane  diffusion  flames  under 
different  flow  conditions  and  seeding  arrangements  were  taken.  The  original 
plan  to  process  the  seed  interface  data  was  to  digitize  the  photos  by  hand. 
However,  this  idea  was  dropped  in  favor  of  writing  a  computer  code  to  find  the 
interface,  thus  avoiding  the  error  due  to  the  human  subjectivity  in 
determining  exactly  where  the  interface  was  when  it  tended  to  get  blurry. 

In  order  to  implement  the  computer  code,  the  images  from  the  film  negatives 
were  first  digitized  onto  a  575  by  385  pixel  array  of  a  photodiode  array 
electronic  camera  (Photometries  Sys.),  by  projecting  the  film  image  onto  the 
array  via  a  negative  enlarger  (see  fig.  5).  This  system  was  devised  by 
personnel  at  Systems  Research  Labs  and  their  help  was  greatly  appreciated. 
Once  the  image  was  recorded  on  the  575  by  385  array,  a  threshold  intensity  was 
set  such  that  all  pixels  above  the  threshold  intensity  were  set  to  white  and  all 
those  below  it  were  set  to  black,  thus  defining  the  seed  interface  objectively 
and  removing  the  ambiguity  due  to  blurry  seed  regions.  At  this  stage  a 
modified  contour  level  program  devised  by  Larry  Goss  of  SRL  was  used  to 
retrieve  the  sequential  (x,y)  data  points  describing  the  thrcsholded  seed 
interface.  This  data  was  then  sent  to  the  line  segment  approximation  program 
that  determines  the  fractal  dimension. 

Due  to  problems  with  using  the  enlarger  to  project  the  film  images  onto  the 
photodiode  array  of  the  electronic  camera,  the  method  used  to  digitize  the 
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images  from  the  film  was  very  tedious  and  very  sensitive  to  adjustments  in  the 
system.  This  unforeseen  problem  arose  too  late  to  switch  over  to  the  hand 
tracing  method,  and  is  the  reason  that  only  about  20  images  were  analyzed. 
The  computer  based  image  analysis  method  is  still  felt  to  be  superior  to  the 

hand  tracing  based  method  since  the  enlarger  system  was  peculiar  to  the 

circumstances  (flame  images  recorded  on  film  as  an  intermediate  step),  and 
could  be  eliminated  from  the  method  in  the  future.  That  is,  if  the  flame  images 
were  recorded  directly  by  the  electronic  camera  there  would  be  no  need  for 
the  enlarger  system  and  thus  none  of  the  associated  problems. 

b.  The  images  analyzed  in  the  study  were  of  turbulent  methane  diffusion  jet 
flames  anchored  on  a  10  mm  diameter  ASME  specification  contoured  nozzcl. 
The  Reynolds  number  based  on  the  nozzel  diameter  and  cold  flow  properties  at 
the  nozzel  ranged  from  7,000  to  10,000.  The  laser  sheet  was  angled  at  45 

degrees  to  the  jet  axis  at  approximately  75  mm  downstream  of  the  nozzel,  (see 
fig.  6).  A  typical  result  from  the  fractal  analysis  program  is  shown  in  figure  7. 
Note  that  there  is  a  strong  linear  correlation  in  the  data,  but  there  is  also  a 
significant  amount  of  scatter,  especially  at  the  larger  length  scales.  This  is 
directly  due  to  the  finite  length  of  the  data  record.  As  the  length  of  the 

measurement  scale  in  the  line  segment  approximation  scheme  approaches  the 
size  of  the  largest  features  in  the  flow  (on  the  order  of  the  nozzel  diameter), 
the  approximated  curve  length  increases  and  decreases  as  large  objects  in  the 
flow  are  "hit  and  missed"  respectively  by  the  line  segments.  If  the  data  record 
was  very  large  compared  to  the  largest  features  in  the  flow,  these  fluctuations 
would  average  out  and  the  graph  would  smooth  out  toward  a  constant  value. 
The  measurement  scale  at  which  this  happens  is  called  the  outer  cutoff  (£*. ). 
Since  the  curves  analyzed  were  closed,  it  was  thought  that  "walking  around" 
the  curves  many  times  and  then  dividing  the  calculated  length  by  the  number 
of  times  the  curve  was  circled  would  smooth  out  the  graphs  and  make  the  outer 
cutoff  visible,  but  this  was  not  the  case.  At  the  small  length  scales  the 
approximate  curve  length  tends  to  level  off  toward  a  constant  value,  (see 
fig. 7).  This  is  because  the  small  measurement  scales  arc  resolving  the  smallest 
features  of  the  flow.  The  scale  at  which  this  happens  is  termed  the  inner 
cutoff  (£^),  signifying  the  physical  limit  of  fractal  behavior  due  to  the 
smoothing  of  small  scales  by  molecular  diffusion  effects.  The  fractal  plot  of  an 
idealized  physical  object  would  apppear  as  shown  in  figure  8. 
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The  results  of  the  analysis  are  presented  in  Table  1.  The  inner  cutoff  was 

visible  on  most  of  the  graphs  and  was  taken  as  2.5  mm.  The  outer  cutoff  was 
not  readily  seen,  but  was  taken  as  15.0  mm.  The  average  diameter  of  the  seed 
image  was  approximately  50  mm.  Using  the  above  cutoffs  as  the  assumed 

region  of  fractal  behavior,  the _ av&ia&S _ fractal _ dimension _ al  _ltl£ 

interfaces  was  2.40.  This  result  compares  well  with  the  results  obtained  by 

Sreenivasan  for  turbulent  nonreacting  flows  (Sreenivasan,  1986),  but  there  is 
significant  room  for  error  in  the  present  results  due  to  the  small  sample  size 

and  the  problems  encountered  with  the  image  enlarger  system.  With  the 
analysis  system  in  its  present  state  however,  flame  pictures  could  be  recorded 
directly  with  the  digital  camera  and  processesed  quickly,  yielding  much  better 
statistics.  The  error  present  in  the  entire  system  was  assessed  by  analyzing  a 

photo  of  a  geometric  construction  (Koch  curve)  of  known  fractal  dimension  (D 
=  1.5).  Depending  on  the  values  chosen  for  the  inner  and  outer  cutoffs,  the 

computed  fractal  dimension  was  between  1.48  and  1.52,  representing  a  total 
error  of  ±.4%,  However,  for  physical  objects  the  inner  and  outer  cutoffs  arc 

less  well  defined,  resulting  in  a  larger  error. 

As  mentioned  before,  a  large  number  of  seeded  flame  pictures  were  developed 
this  summer.  Some  of  these  will  be  analyzed  by  the  system  at  Cornell  using 
several  different  fractal  dimension  algorithms. 

V.  INTERPRETATION  OF  THE  SEED  IMAGES 

a.  In  turbulent  flows  the  inner  cutoff  should  be  of  the  order  of  the 
Kolmogorov  scale,  and  the  outer  cutoff  of  the  order  of  the  turbulence  integral 
scale,  since  it  is  assumed  that  it  is  the  turbulent  flow  that  causes  the  distortion 
of  the  reaction  zone.  The  fact  the  inertial  subrange  of  the  turbulence  cascade 
process  follows  a  self-similar  mechanism  as  energy  passes  through  the 
different  sized  turbulent  eddies  is  the  underling  reason  to  expect  turbulent 
interfaces  to  be  self-similar  and  thus  approachable  with  fractal  geometry 

techniques,  (Srennivasan,  1986;  Gouldin,  1986).  In  the  case  of  turbulent 
flames  however,  there  is  a  large  drop  in  the  turbulent  Reynolds  number  as 
fluid  elements  near  the  hot  reaction  zone,  thus  raising  the  question  of 
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whether  or  not  the  reaction  zone  becomes  smoothed  out.  Although  photos  of 
seed  interfaces  tend  to  support  this,  the  interpretation  of  exactly  what  the  seed 
interface  represents  is  not  yet  clear  since  different  seeds  yielded  different 

flow  images. 

Various  seeds  were  used  for  the  flow  visualization  (reacting  TiCi+,  preformed 
TiO*,  AUOi,  and  Sn(\),  and  all  gave  different  images.  The  last  two  seeds  retain 
their  light  scattering  ability  to  temperatures  near  the  adiabatic  flame 
temperature,  so  it  was  thought  that  they  would  yield  a  more  accurate  picture  of 
the  reaction  zone.  The  problem  however  is  that  these  seeds  are  preformed 
refractory  based  seeds  and  it  is  very  hard  to  seed  the  flow  consistently  with 

them.  Because  of  this  inconsistency,  the  interpretation  of  the  refractory 
seeded  flows  was  not  clear.  In  the  future  an  agitated  seeder  box  design  will  be 
tried  at  Cornell  in  order  obtain  seeded  flame  pictures  with  the  refractory  based 
seeds. 

From  all  the  seeding  methods  used,  the  seed  interfaces  showed  a  general  shear 
layer  appearance  (see  fig.  4.  ).  This  is  somewhat  expected  since  the  mean  jet 
profile  contains  a  strong  velocity  gradient  perpendicular  to  the  jet  axis.  The 
shearing  effect  of  this  velocity  gradient  is  probably  enhanced  in  the  reaction 
zone  since  there  is  a  dramatic  increase  in  the  dynamic  viscosity  there, 
however  there  could  also  be  dynamical  effects  from  flame  induced  turbulence 
which  are  less  well  understood. 

Since  the  seed  originates  from  the  fuel  side  of  the  reaction  zone,  the  seed 

interface  represents  fuel  rich  fluid  elements  at  a  temperature  of 
approximately  1,100  ®K.  The  seed  is  expected  to  follow  the  fluid  elements’ 
motion  since  they  are  around  1  micron  in  diameter  and  their  Schmitt  number 
is  very  large  (ie.,  seed  particles  are  dominated  by  momentum  rather  than 
diffusion).  The  question  of  whether  the  seed  interface  follows  the  shape  of  the 
reaction  zone  is  addressed  in  figure  9.  Since  the  seed  interface  approximately 
follows  an  isotherm  (Vilimpoc  et  al.,  1987),  the  question  is  how  much  change  is 
there  in  the  isothermal  contours  between  1,100  ®K  and  2,200  ®K.  Since  the  seed 
interface  is  rich  in  fuel  and  at  high  temperature,  the  reaction  zone  will 

definitely  try  to  move  with  it  as  the  interface  is  contorted  by  the  turbulent 
shear  layer  (fig.  9.).  The  problem  is  that  the  diffusion  of  products  out  of  the 
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reaction  zone  makes  the  flame  structure  "thick"  and  thus  allows  for  changes 
in  the  shape  of  the  isotherms.  For  now  the  shape  of  the  reaction  zone  is  still  in 
question,  but  it  is  known  that  the  isotherms  in  a  turbulent  diffusion  jet  flame 
are  contorted,  and  fractal  in  nature.  This  is  a  first  step  in  the  analysis  of  the 
turbulent  flame  structure  and  may  be  useful  in  determining  the  rates  of 
turbulent  diffusion  of  reactants,  oxidizer,  and  products. 


VI.  RECOMEND  ATIONS: 

a.  At  the  present  time  the  application  of  the  fractal  dimension  data  to 

turbulent  diffusion  flames  is  not  as  well  developed  as  for  premixed  flames 

(Gouldin,  1986).  However  the  notion  of  the  increase  in  surface  area  due  to  the 
fractal  nature  of  the  surface  still  applies  and  can  be  used  to  estimate  the 

effective  area  for  the  diffusion  of  chemical  species.  It  may  also  be  able  to 

relate  the  fractal  dimension  of  different  isothermal  surfaces  to  the 
temperature  and  concentration  gradients  occuring  in  the  local  flame 
structure,  thus  determining  the  relative  importance  of  the  various  transport 
mechanisms. 

b.  Due  to  time  constraints  only  about  20  flame  images  were  analyzed  this 

summer.  As  previously  mentioned,  the  transfer  of  the  images  from  the  film 
negatives  onto  the  photodiode  array  by  the  enlarger  was  the  major  cause  of 

difficulty.  By  recording  the  flame  images  directly  with  the  photodiode  camera 
and  thus  bypassing  the  enlarger  system,  the  raw  data  would  be  much  more 
uniform  from  image  to  image,  and  the  analysis  time  would  be  greatly  reduced. 

As  a  follow-up  to  this  summer's  work  it  is  suggested  that  the  photodiode  camera 
system  be  used  to  evaluate  the  fractal  dimension  of  the  seed  interface  of 
turbulent  flames  under  various  conditions.  Due  to  the  quick  processing  time 
of  the  this  system,  good  statistics  could  be  obtained  at  each  flame  condition. 

The  photodiode  system  should  also  be  used  to  assess  the  difference  in  seeding 

techniques.  Once  an  agitated  seeder  is  built  that  can  adequately  seed  the  flow 
with  refractory  seeds,  the  fractal  dimension  obtained  with  these  seeds  should 

be  calculated  since  their  interfaces  are  expected  to  lie  closer  to  the  reaction 

zone.  Also,  if  the  resolution  of  2-D  Rayleigh  scattering  data  is  deemed 
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acceptable  at  high  temperatures,  fractal  dimensions  based  on  this  data  should 
be  carried  out  since  it  would  remove  the  ambiguities  associated  with  the 
seeding  techniques. 
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ABSTRACT 

Hie  analytical  program  for  the  BICFET  was  rewritten  in  such  a  way 
as  to  allow  one  to  easily  change  the  material  system  being  used  and  to 
be  able  to  implement  new  equations  without  a  significant  rewrite  of  the 
program.  New  options  were  also  included  in  the  program. 

It  was  found  that  the  inclusion  of  all  three  valleys  in  AlGaAs  was 
necessary  to  correctly  treat  parameters  such  as  the  density  of  states 
effective  mass  when  the  value  of  the  Al  mole  fraction,  x  was  around  0.45. 

In  order  to  correctly  calculate  the  electron  and  hole  mobilities  it 
is  necessary  to  bring  in  their  dependence  on  the  electric  field,  the 
impurity  concentration  and  the  Al  mole  fraction.  These  changes  affected 
the  drift-diffusion  velocity  and  therefore  the  gain  and  the  current 
values . 

The  placement  of  the  spike  layer  in  either  the  semiconductor  or  the 
semi-insulator  had  a  decided  impact  on  the  gain  and  behavior  of  the 
device,  especially  at  high  values  of  x. 

At  large  values  of  x  the  drift-diffusion  velocity  was  dominant  and 
had  a  profound  effect  on  the  gain  and  the  functioning  of  the  device. 
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I.  INTRODUCTION 


The  tasks  for  which  I  took  responsibility  during  the  summer  research 
program  were  largely  oriented  toward  computer  programming.  A  basic 
understanding  of  many  programming  concepts  was  derived  from  two  computer 
classes  in  Fortran  and  Basic.  My  current  level  of  understanding  of  the 
necessary  Fortran  concepts  can  largely  be  attributed  to  an  independent 
study  project  concerning  the  determination  of  an  average  index  of 
refraction  for  HgCdTe  samples.  This  study  was  under  the  direction  of  Dr. 
Larry  Freeman  at  Indiana  University  of  Pennsylvania  (IUP). 

My  knowledge  of  the  computer  program  to  model  the  BICFET  and  my 
direction  throughout  the  summer  research  program  came  from  Dr.  Dennis 
Whitson.  The  theoretical  work  and  any  conceptual  difficulties  were  dealt 
with  by  him.  Dr.  Whitson  is  on  leave  from  IUP  under  the  auspices  of  the 
AFOSR  Resident  Research  Program.  He  first  came  to  Wright-Patterson  Air 
Force  Base  (WPAFB)  in  the  summer  of  1986  under  the  Faculty  component  of 
the  summer  program  administrated  by  UES.  He  is  carrying  on  a  research 
program  at  WPAFB  to  model  Heterojunction  devices  such  as  the  BICFET  and 
resonant  tunneling  diodes.  The  modeling  includes  both  an  analytical 
approach  such  as  reported  here  and  finite  difference  numerical  modeling. 

I  will  continue  to  develop  this  computer  model  of  the  BICFET  at  IUP 
since  I  will  be  doing  my  M.S.  research  under  Dr.  Whitson's  guidance. 

II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 


The  objective  of  the  summer  research  effort  was  to  rewrite  the 
analytical  programs  modeling  the  bipolar  inversion  channel  field  effect 
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transistor  (BICFET).  The  aim  was  to  include  some  new  options  in  the 
analysis  and  to  write  the  program  in  such  a  way  as  to  allow  one  to 
easily  change  the  material  system  being  used  (GaAs/AlGaAs  in  this  case) 
and  to  be  able  to  implement  new  equations  without  a  significant  rewrite 
of  the  program. 

The  new  options  include: 

1)  Effects  of  using  all  three  valleys  instead  of  the  one  valley 
approximation ; 

2)  Effects  on  the  electron  and  hole  mobilities  in  the  semi-insulator 
due  to  the:  (a)  electric  field,  (b)  inpurity  concentration  and 

(c)  Al  mole  concentration, x; 

3)  Effects  of  placing  the  spike  layer  in  either  the  semi-insulator  or 
the  semiconductor; 

4)  Thermionic  emission  vs  drift-diffusion; 

5)  PNP  BICFET  vs  NPN  BICFET. 

III.  MATERIAL  PARAMETERS 

All  the  material  dependent  parameters  have  been  calculated  in  a  sub¬ 
program  callled  GAASPAR  so  that  only  this  sub-program  needs  to  be  changed 
when  it  is  desired  to  try  a  new  material  with  the  BICFET  equations. 

The  energy  gaps  of  the  three  valleys  of  AlGaAs  vary  with  the  Al 
mole  fraction  (1).  For  GaAs  the  existence  of  the  upper  two  valleys  (X 
and  L)  can  be  largely  ignored  for  many  applications,  however  in  general 
for  AlGaAs  this  is  not  the  case.  In  thermal  equilibrium  the  electron 
population  of  each  of  the  valleys  varies  with  the  value  of  x  (the  Al 
mole  fraction)  due  not  only  to  the  change  in  energy  gap  but  also  the 
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change  (Eq.  1)  in  the  effective  mass  (2)  where  mr  , 


* 

mx  ' 


vr\p  =  O.Oi>lEO,0%3X 
YY\*  ■=  0,ff-  O'WX 


mf-  ost>  +  o,lx 


and  m, 


are 


(1) 


respectively  the  density  of  states  effective  masses  for  the  /"* ,  X,  and  L 
valleys.  The  total  electron  population,  n0  ,  is  found  by  adding  the 
populations  of  the  f*  valley,  nr  ,  the  X  valley,  n*  ,  and  the  L  valley, 
nL  ,  (Eq.  2)  where  Nc  =  2(27Tm*  kgT/h*1)^,  Ec  is  the  conduction  band 

n0-  nr+  nx+  nL  »  A/t  expl(EF  -Ec)/kst]  (2) 

edge  of  the  lowest  valley  and  m*  is  the  density  of  states  effective 
mass  for  all  the  electrons.  The  population  in  each  valley  is  determined 
(3)  by  the  position  of  its  conduction  band  edge  with  respect  to  the 
Fermi  level,  EF,  and  the  effective  density  of  states  (which  in  turn  is 
determined  by  the  density  of  states  effective  mass).  Eq.3  gives  the 

r?r  -  liiTTyrip  KBTAx)3/*eKp[(EP-Ec  +  Ee,rE£)/KsT]  (3) 

density  for  the  P  valley  (there  are  equivalent  expressions  for  the 
other  two  valleys)  where  E is  the  smallest  energy  gap  of  the  three 
valleys  and  is  given  in  Eq.  4.  It  is  seen  from  Eq.'s  2,  3  and  4  that  a 


X 


G-i 


(4) 


o  *  x  £  o,L/r 

-  El  o,Hr<  x  $  l 

reasonable  definition  for  a  density  of  states  effective  mass  for  the 
3-valley  system  would  be:  v  . 

mt 54  =  mf'  e^'~  B‘)hT+  <V  E‘  ’  ’  H  , 


The  fraction  of  electrons  in  each  valley  as  a  function  of  x  is 
shown  in  Fig.  1;  while  the  density  of  states  effective  mass  as  a 
function  of  x  is  seen  in  Fig.  2.  The  one  valley  approximation  assumes 
that  for  x  <  0.45  the  V  valley  determines  all  the  material  properties 
and  for  x  >  0.45  the  X  valley  does.  From  these  figures  it  is  seen  at 
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once  that  neglecting  the  L  valley  and  assuming  the  one  valley 
approximation  can  cause  considerable  error  when  x  is  around  0.45. 


For  the  case  of  the  holes  a  similar  approach  can  be  used  to  define 

a  density  of  states  effective  mass.  From  noting  that  the  two  valence 

band  edges  are  coincident  we  can  define  the  hole  density  of  states 

it 

effective  mass  as  given  in  Eq.  6  where  mi.  is  the  heavy  hole  density  of 


m?  -  +  vnj 


(6) 


states  effective  mass  and  is  the  light  hole  density  of  states 
effective  mass.  These  masses  are  also  a  function  of  x  as  given  in  Eq. 
7.  Because  the  heavy  holes  are  much  larger  than  the  light  holes  they 


dominate  the  hole  properties. 

m*- o.6i  -f  o.ivx  j  m* -  o.oti  +  o.  oi3x 


(7) 


Some  of  the  important  transport  parameters  that  are  affected  by  the 
size  of  the  effective  mass  include  the  thermal  velocities,  the  effective 
densities  of  states  and  the  mobilities.  The  equation  for  the  thermal 
velocity  is  given  in  Eq.  8  and  its  dependence  on  x  due  to  the  changing 
effective  mass  is  shown  in  Fig.  3.  While  the  hole  thermal  velocity 


Vt  =  (  KeT/z  (8) 

doesn't  change  very  much,  the  electron  thermal  velocity  changes  signifi¬ 
cantly  with  the  value  of  x. 

The  electron  mobilities  not  only  have  a  strong  x  dependence  (Fig.s  4 
and  5)  but  also  depend  strongly  on  impurity  concentration  (Fig. 4)  and 
electric  field  (Fig. 5).  The  hole  mobilities  are  smaller  but  have  similar 
dependencies.  The  equations  for  these  dependencies  are  taken  mainly  from 
Schuelke  (1)  and  Shur(3).  Since  the  dopant  level  in  the  semi-insulator 
is  on  the  order  of  E17  and  the  electric  field  in  the  semi-insulator  can 
be  as  large  as  100  kV/cm  it  is  seen  from  these  Fig.'s  that  these  effects 
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X  (Al  mole  fraction) 

Fig.  3:  Thermal  velocities  vs  the  Al  mole  fraction,  x.  Vht  (Vpt)  is  the 
thermal  velocity  for  electrons  (holes)  in  AlGaAs. 


Donor  Concentration  (cm-3) 

Fig.  4:  Electron  mobility  vs  donor  concentration  with  the  Al  mole 
fraction,  x  as  a  parameter  and  the  electric  field  equal  to 
1.0  KV/an. 


Electric 


Field  (KV/cm) 


Fig.  5: 


Electron  mobility  vs 
as  a  parameter. 


electric  field 


with  the  Al  mole  fraction,  x 
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can  not  be  ignored  as  was  done  in  previous  analytical  models  (4,5,6). 

The  gain  of  the  BICFET  depends  exponentially  on  the  band  discon¬ 
tinuity  (  &EV  for  the  NPN  and  ^Ec  for  the  PNP)  which  depends  strongly 
(see  Fig.  6)  on  the  Al  mole  fraction  (7).  It  is  assumed  that  AEy- 
0.35  4E&  (where  AE^  is  the  total  band  discontinuity  for  the  F  valleys) 
and  that  AEC  =  AE&  -  AEy  where  AE &  is  the  total  band  discontinuity 
when  the  band  gap  is  taken  from  the  valence  band  to  the  lowest 
conduction  bcind  valley  (X-valley  for  x  >  0.45). 


IV  SPIKE  LAYER  IN  SEMI-INSULATOR  OR  SEMICONDUCTOR 


The  placement  of  the  spike  layer  in  either  the  semiconductor  (case 
1)  or  the  semi-insulator  (case  2)  affects  the  gain  and  the  operation  of 
the  BICFET.  In  Fig.  7  it  is  seen  that  for  case  1  there  are  two  effects 
that  are  important:  (1)  the  mobile  holes  do  not  stay  in  just  the  lightly 
doped  region  of  the  semiconductor  but  also  move  into  the  heavily  doped 
spike  layer  and  (2)  the  fraction  of  acceptors  in  the  spike  layer  that 
are  ionized  will  change  as  the  band  diagram  is  altered  by  a  variety  of 
changing  conditions.  These  two  effects  change  the  charge  balance  in  Eq. 
9  by  increasing  the  positive  charge  and  reducing  the  negative  charge  in 

Qt  -  tfa/( >+}  -  jj,  Wj!  - 

-  aw14  <9) 

the  spike  layer.  The  amount  of  emitter  charge,  ,  is  determined  by 
the  difference  between  the  negative  charge  in  the  spike  layer  (first 
term  on  right)  and  the  positive  charge  in  the  semi-insulator  (qdfNdJi), 
the  spike  layer  (qdjp0)  and  the  semiconductor  (fourth  term)  where  NA  is 
the  acceptor  density;  d(  is  the  thickness  and  is  the  donor  density 
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Fig.  7:  (a)  Structure  of  the  BIC 
layer  is  in  the  semi cone 
layer  is  in  the  semi-ins 


40- 


of  the  semi-insulator;  dj  is  the  thickness  and  pp  is  the  hole  concen¬ 
tration  in  the  spike  layer  and  the  inversion  layer. 

The  high  frequency  properties  of  the  BICFET  should  improve  with  an 
increase  in  pd  since  this  would  decrease  the  channel  resistance.  At  the 
same  time  one  would  like  to  be  able  to  increase  the  current  gain. 

However,  as  can  be  seen  in  Fig.  8  and  Eq.  10  the  gain  varies  inversely 

with  p0  .  In  Fig.  8  it  is  also  seen  that  the  gain  decreases  with  an 
increase  in  and  is  less  for  case  2  than  case  1.  For  case  1  the  holes 
actually  in  the  spike  layer  have  a  mobility  that  is  reduced  quite 
substantially  by  impurity  scattering,  however  the  number  of  holes  and 
their  distribution  in  the  lightly  doped  semiconductor  will  be  the  same 
for  both  cases.  Therefore,  for  a  given  p0  the  resistance  of  the  channel 
will  be  approximately  the  same  for  both  cases.  For  case  1  there  will  be 
a  lower  resistance  channel  (the  lightly  doped  semiconductor)  in  parallel 
with  a  higher  resistance  channel  (the  spike  layer  itself)  and  thus  a 
slightly  lower  resistance  than  for  case  2. 

The  design  of  a  BICFET  might  proceed  in  the  following  manner. 

First,  p0  is  chosen  to  give  a  required  conductivity  in  the  channel  and 
then  the  acceptor  density  is  found  (Fig.  8).  Next  the  Al  mole  fraction, 
x,  is  calculated  or  picked  from  a  graph  to  give  the  required  gain.  For 
example,  let  us  take  p0  =  E19.  For  case  1  this  would  require  = 

1 . 1e14  cm-2  (  3.7E20  cm-3  for  30  Angstroms  )  while  for  case  2,  = 

2.9E12  cm-2  (  9.7El8cm-3  for  30  Angstroms  ).  For  case  1  this 
concentration  (  3.7E20  cm-3  )  is  probably  too  large  (unless  one  wanted  to 
increase  the  spike  layer  width  substantially)  and  in  this  instance  the 
spike  layer  should  probably  go  in  the  semi-insulator.  Growth 
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Na  (cm-2)  _ 

Fig.  8:  Current  gain,  GNPN,  and  inversion  charge  — 
density,  Po,  vs  spike  layer  density,  Na. 

The  symbol  (1),  (2)  indicates  that  the 
spike  layer  is  in  the  semiconductor,  semi¬ 
insulator.  Vce  -  2.0,  Js  -  0.01  and  x  -  0.3. 


GNPN  (  1  ) 
GNPN ( 2 ) 

Pod) 

Po  ( 2 ) 


X  ( A 1  mole  fraction) 

Fig.  9:  Current  gain  (Jni/Js),  GNPN,  and  inversion  charge  density,  Po,  as 
a  function  of  the  Al  mole  fraction,  x.  The  symbol  (1)  indicates 
that  the  effective  velocity  is  calculated  using  only  the  thermal 
velocity  while  (2)  indicates  that  both  the  thermal  velocity  and 
the  drift-diffusion  velocities  were  used.  The  spike  layer  is  in 
the  semiconductor,  Vce  -  2.0  and  Js  *  75. 
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capabilities  need  to  be  considered  when  deciding  on  where  to  place  the 
spike  layer. 

V  THERMIONIC  EMISSION  VS  DRIFT-DIFFUSION 


In  their  paper  (4)  Taylor  and  Simmons  asserted  that  the  drift 
diffusion  component  of  the  effective  velocity  was  negligible  compared  to 
the  thermionic  emission  component.  This  turns  out  to  be  true  for  x 
values  around  0.3  which  they  were  concerned  with,  but  for  higher  values 
of  x,  the  drift  diffusion  component  becomes  dominant. 

Using  the  drift  diffusion  equation  one  can  show  that 

Tru  =  A U  (U) 

=  l  .  <12, 

Vvn  ~  "vtt  ■+  V„j  ' 


J  Vpt  Ypei 

V«J  -  3v¥) 


(13) 

(14) 


where  Jni  (Jpi)  is  the  electron  (hole)  current  density,  vM  (vp)  is  the 
effective  electron  (hole)  velocity,  vrt^-  (vpt)  is  the  electron  (hole) 
thermal  velocity,  v„j  (Vpj)  is  the  electron  (hole)  drift-diffusion 
velocity,  and  Dn  (Dp)  is  the  electron  (hole)  diffusion  coefficient  in 
the  semi-insulator.  The  equation  for  Vpj  is  the  same  as  Eq.  14  with  D* 
replaced  by  Dp.  The  variables  VI,  and  AE^  are  defined  in  Fig.  7. 

In  Fig.  9  we  see  that  when  the  drift  diffusion  velocity  is  taken 
into  consideration  the  gain  flattens  out  at  higher  x  values,  while  it 
continues  to  go  up  when  one  considers  only  the  thermal  velocity.  The 
controlling  velocity  is  the  smaller  of  the  two  and  in  Fig.  10  it  is  seen 
that  the  point  at  which  vw^  takes  control  depends  on  both  the  x  value 
and  the  input  current.  When  v„j  controls  the  behavior  of  the  device  a 
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X  (AT  mole  fraction) 

Fig.  11:  Voltage  drop  across  the  semi-insulator,  Vi,  and  surface 
potential  of  the  semiconductor  (^),  PHIS  vs  the  Al  mole 
fraction,  x.  The  symbol  (1)  indicates  that  the  effective 
velocity  is  calculated  using  only  the  thermal  velocity  while 
(2)  indicates  that  both  the  thermal  velocity  and  the  drift- 
diffusion  velocities  were  used.  The  spike  layer  is  in  the 
semiconductor,  Vce  -  2.0  and  Js  -  75. 
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number  of  other  things  are  happening,  for  example  ^  becomes  quite  small 
and  Vt'  becomes  positive  and  large  (Fig.  11).  This  causes  Jpi  to  become 
very  small  while  Jpc  goes  from  being  essentially  zero  to  the  size  of  Js, 
i.e.  the  hole  current  is  no  longer  flowing  thru  the  semi-insulator  but 
thru  the  semiconductor  because  of  the  changing  potentials  V/  and  (f>s  . 
Also,  pa  increases  rapidly  and  then  flattens  out  (Fig.  9)  and  the 
fraction  of  ionized  acceptors  in  the  spike  layer  drops  dramatically 
which  increases  the  positive  charge  and  decreases  the  negative  charge  in 
the  spike  layer.  In  order  for  charge  balance  to  occur  as  given  in  Eq. 

9,  must  become  more  negative  which  causes  Vt'  to  become  more 
positive.  Notice  that  when  only  the  thermal  velocity  is  considered  in 
each  of  these  Fig.'s  none  of  these  effects  occur. 

Since  v„j  essentially  goes  to  zero  as  x  increases  one  might  also 
expect  Jni  and  the  gain  to  go  to  zero  instead  of  flattening  out  as  shown 
in  Fig.  9.  However,  when  V'  becomes  positive  vMj  is  given  by  Eq.  15 
and  Jni  by  Eq.  16.  It  is  seen  that  Jni  is  almost  a  constant  and  since 


Js  is  constant,  the  gain  would  also  be  essentially  constant. 

When  the  density  in  the  spike  layer  is  increased  there  occurs  a 
decrease  in  the  fraction  of  acceptors  ionized  and  an  increase  in  pe .  It 
would  seem,  therefore,  that  the  effects  described  above  would  be 
accentuated  as  is  increased. 

It  is  interesting  to  see  what  happens  to  the  gain  when  Jc  (the 
collector  current)  is  increased.  In  Fig.  12  we  see  that  the  current 
gain  decreases  rapidly  when  Jc  reaches  a  certain  value.  At  which  value 
this  occurs  depends  on  the  value  chosen  for  £  ,  the  metal 
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Fig.  12:  Current  gain  (Jni/Js),  GNPN,  and  inversion  charge  density,  Po 
as  a  function  of  the  collector  current,  Jc.  The  symbol  (1) 
indicates  that  -  0.02  and  (2)  that  0.24.  The  spike 
layer  is  in  the  semiconductor,  Vce  -  2.5  and  x  -  0.8. 
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Fig.  13:  Voltage  drop  across  the  semi-insulator,  Vi,  and  surface 

potential  of  the  semiconductor  (<^),  PHIS  vs  the  collector 
current,  Jc.  The  symbol  (1)  indicates  that  -  0.02  and 
(2)  that  -  0.24.  The  spike  layer  is  in  the  semiconductor, 
Vce  -  2.5  and  x  -  0.8. 


semi-insulator  contact  potential  and  x.  From  Fig.  13  we  see  that  the 
same  physical  processes  are  occuring  as  discussed  above,  i.e.  Vt*  is 
going  positive  due  to  v„j  becoming  very  small, etc. 

It  should  be  noted  that  all  the  above  results  were  under  the 
assumption  that  the  spike  layer  was  in  the  semiconductor,  but  the 
results  also  qualitatively  apply  to  the  case  of  the  spike  layer  in  the 
semi-insulator.  However,  in  the  latter  case  the  effects  don't  come  into 
play  until  higher  values  of  x  and  Jc  are  reached. 

In  Taylor  and  Simmons'  paper  (4)  it  was  assumed  that  Dn  =  220  and 
Dp  »  10  (GaAs  values).  This  choice  only  slightly  changes  the  ratio  \^/Vp 
(which  affects  the  gain  in  Eq.  10)  at  lower  values  of  x,  but  it  is  found 
that  at  higher  values  of  x  it  is  necessary  to  correctly  calculate  the 
diffusion  coefficients  using  their  x,  impurity  concentration,  and 
electric  field  dependencies. 

VI  RECOMMENDATIONS 

1.  Do  more  modeling  with  this  program,  e,g.,  what  happens  to  vncj  as  N^ 
is  changed. 

2.  Include  recombination  in  the  model.  This  effect  is  probably  quite 
important  at  low  values  of  Jc. 

3.  Model  the  PNP  BICFET  more  extensively. 

4.  Include  the  change  in  activation  level  for  the  donors  as  a  function 
of  x.  This  effect  could  be  important  especially  for  the  PNP  BICFET. 

5.  Get  the  finite  element  program  PUPHS  (from  Purdue  University)  up  and 
running.  The  above  analytical  model  could  then  be  checked  for 
accuracy  and  a  parameter  such  as  could  be  found  as  a  function  of  x. 
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ABSTRACT 


At  the  current  time  there  is  a  great  deal  of  interest  in 

developing  electronic  oscillators  which  can  operate  in  the  frequency 
range  above  200  Ghz .  It  is  believed  that  for  a  device  to 

accomplish  this  it  must  have  a  region  of  negative  differential 
resistance.  One  such  device  that  shows  such  a  region  is  the 

resonant  tunneling  diode.  In  this  project  the  resonant  tunneling 
diode  is  investigated  to  understand  the  device  and  to  find 

improvements  which  could  help  make  the  device  more  applicable. 

The  analysis  of  this  device  is  done  using  a  program  called 

SEQUAL.  SEQUAL  is  a  finite  difference  algorithm  which  was 

developed  specifically  to  for  heterostructure  devices.  The  program 

self -consistently  solves  Poisson's  equation  and  Schrodinger ' s 

equation  to  yield  information  pertaining  to  the  device  such  as 

the  electrostatic  potential,  electric  field  and  the  electron 

distribution.  The  total  analysis  of  this  device  was  completed 

information  obtained  from  the  SEQUAL  program. 
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I. 


INTRODUCTION 


My  responsibilities  for  this  summer  involved  a  great  deal  of 
programing.  The  bulk  of  my  experience  with  fortran  comes  from  two 
programming  classes  that  I  took  several  years  ago.  In  addition  to 
the  classes,  I  have  had  a  great  deal  of  experience  programming  with 
a  number  of  personal  projects  I  have  undertaken. 

My  knowledge  of  programs  that  I  used  to  model  these  devices 
came  primarily  from  debugging  the  problems  that  arose  when  they 
were  compiled  on  the  VAX  computer  for  the  first  time.  Knowledge  of 
the  heterostructure  device  physics  necessary  to  study  these  devices 
was  acquired  from  Dr.  Dennis  Whitson. 

Dr.  Whitson  is  on  leave  from  Indiana  University  of 
Pennsylvania  and  is  currently  working  at  Wright  Patterson  Air  Force 
Base  under  a  AFOSR  Resident  Research  Program.  He  is  working  on 
research  in  modeling  heterostructure  devices  such  as  the  resonant 
tunneling  diode. 

I  am  continuing  research  on  the  resonant  tunneling  diode 
as  work  towards  my  Masters  thesis  under  Dr.  Whitsons  supervision. 
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II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT: 


The  primary  objective  of  this  summer  research  project  was  to 
implement  several  computer  programs  written  in  fortran  but  on  a 
different  computer  system.  The  problem  being  tha-  the  fortran 
language  was  not  exactly  compatible  between  the  two  machines.  In 
conjunction  with  the  existir,.-  programs  a  handful  of  secondary 
programs  had  to  be  generated  to  help  run  the  original  programs. 
Also  even  after  the  programs  were  running  correctly,  they  had  to  be 
understood.  There  are  always  a  number  of  problems  involved  in  using  a 
program  that  is  not  familiar. 


The  next  task  that  was  addressed  was  the  problem  of  the 
resonant  tunneling  diode.  The  analysis  of  this  device  provides  the 
motivation  for  using  the  fore  mentioned  programs  and  is  the 
center  of  attention  of  this  effort. 


Several  other  devices  were  studied  with  these 
programs,  however  they  were  not  focused  upon  because  they  were  more 
complicated  in  nature.  For  the  purpose  of  learning  the  program 
and  devices  of  this  nature  the  simplicity  of  the  resonant 
tunneling  diode  was  thought  adequate. 


III.  COMPUTER  PROGRAMS 
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In  this  section  I  would  like  to  address  some  of  the 
accomplishments  and  limitations  of  the  total  software  package  as 
it  evolved  over  the  summer  project.  It  should  be  noted  here  that  the 
evolution  process  is  by  no  means  over.  Both  programs  that  are 
currently  running  (  FISH1D  and  SEQUAL  )  along  with  the  programs 
to  come  (  1DPUPHS  and  2DPUPHS  )  will  surely  have  to  be  adapted  to 
be  practical. 


In  the  theoretical  analysis  of  GaAs/ALGaAs  heterostructures  a 
method  for  constructing  a  conduction  band  profile  must  be 
available.  There  are  several  ways  to  accomplish  this  with  varying 
degrees  of  sophistication.  The  crudist  method  is  to  create  a 
"flatband"  profile.  This  is  simply  a  profile  with  the  conduction 
band  equal  to  zero  in  the  GaAs  region  and  the  conduction  band  to  the 
appropriate  conduction  band  offset  in  the  AlGaAs  region.  This  of 
course  does  not  account  for  the  band  bending  that  will  occur  near 
interfaces  of  different  material  and  different  doping  densities. 
The  way  around  this  is  to  solve  Poisson's  equation  across  the 
entire  device.  The  program  FISH1D  was  developed  to  do  this  provided 
the  analysis  is  restricted  to  the  equilibrium  case.  FZSH1D  takes 


in  information 

on 

initial 

doping 

densities , 

material 

types , 

temperature  and 

cross 

sectional 

area 

along  with 

one 

dimensional 

user  defined 

space 

grid  and 

uses 

this  information 

to 

solve 

Poisson's  equation.  The  program  output  includes 
electrostatic  potential,  electric  field,  electron  and  hole  densities, 
dopant  and  ionized  dopant  densities  and  other  important  parameters 
as  a  function  of  distance  across  the  device. 
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When  analyzing  heterostructures  it  is  often 
necessary  to  stray  from  classical  mechanics  in  favor  of  quantum 
mechanics.  This  is  the  motivation  for  SEQUAL.  SEQUAL  is  a  program 
that  is  extremely  versatile  in  that  it  was  written  as  a  post 
processor.  By  this  it  is  meant  that  a  previous  program  has  already 
been  run  to  generate  a  classical  conduction  band  profile  which 
is  then  fed  into  SEQUAL  as  input.  SEQUAL  then  adjusts  the 
classical  parameters  to  include  the  quantum  effects.  By  doing  this 
SEQUAL  is  not  contingent  on  any  particular  program.  All  that  is 
truly  necessary  is  a  conduction  band  profile,  even  a  flat  band  is 
sufficient  although  this  will  increase  processing  time  as  will  be 
explained  shortly. 

SEQUAL' s  main  objective  is  to  determine  a  conduction  band 
profile  consistent  with  quantum  mechanics.  The  main  problem  is  that 
the  input  band  profile  is  often  calculated  using  classical 
mechanics.  What  is  required  to  solve  this  problem  is  a  consistent 
solution  of  Schrodinger ' s  equation  and  Poisson's  equation.  This 
is  accomplished  by  an  iteration  scheme.  Schrodinger ' s  equation  is 
first  solved  using  the  classical  conduction  band  profile  to 
determine  the  wavefunctions  for  the  electrons.  Once  this  is  known  a 
charge  distribution  can  be  generated  and  used  to 
recalculate  the  electrostatic  potential  using  Poisson's  equation. 
The  potential  is  then  fed  back  into  Schrodinger '  s  equation,  thus 
completing  the  loop. If  ‘his  procedure  is  repeated  a  consistent 
solution  of  both  equations  is  approached.  At  the  specified 
level  of  convergence  the  program  jumps  out  of  the  iteration  loop 
and  the  desired  conduction  band  is  known  and  can  be  used  to 
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calculate  other 


output  parameters . 


In  theory  this  is  the  extent  of  these  programs,  however 
actually  carrying  out  these  calculations  can  be  more  complicated 
than  appears  on  the  surface.  First,  there  is  the  problem  of  setting 
up  the  finite  difference  grid.  Both  FISH1D  and  SEQUAL  provide  a 
automatic  grid  function.  Neither,  however  were  found  to  work 
adequately  ,  which  brings  us  to  the  next  problem.  When  using 
a  finite  difference  grid  care  has  to  be  taken  not  to  let  the 
potential  change  too  greatly  between  two  consecutive  points. 
On  the  devices  we  studied  to  keep  this  criteria  at  dissimilar 
material  interfaces  it  was  necessary  to  define  extra  grid  points 
which  are  within  .1  angstroms  of  the  interfaces.  The  next  problem 
is  not  as  easily  overcome.  When  calculating  the  number  of 
transmitted  electrons  an  integration  over  energy  space  is 
required.  The  problem  arises  with  the  number  of  energy  nodes  that 
have  to  be  taken  into  the  integration.  For  a  relatively  low  bias 
this  is  not  a  problem  but  for  biases  over  0.5  volts  the  number  of 
energy  nodes  to  be  integrated  over  is  large  enough  to  cause 
unmanageable  run  times.  In  the  tuture  something  will  have  to  be 
done  on  this  problem  in  order  to  fully  investigate  these 
devices . 


IV.  Resonant  Tunneling  Diode 
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The  concentration  of  this  effort  was  done  primarily  on  the 
resonant  tunneling  diode  (  RTD  ) .  The  QWITT  diode  was  also  looked 
into  somewhat  but  was  put  on  a  lower  priority  until  the  simpler  RTD 
was  understood.  The  QWITT  diode  is  a  form  of  the  RTD  which  has  a 
non- symmetric  drift  region  on  one  side  of  the  diode.  The  analysis 
of  these  devices  are  quite  similiar  however , therefore  the  main 
analysis  will  be  limited  to  the  symmetric  RTD  and  references  will  be 
made  to  the  non- symmetric  diode  where  needed. 

The  construction  of  the  RTD  consists  of  two  regions,  the 
drift  region  and  the  potential  well.  Generally  the  outside  drift 
regions  are  n-doped  GaAs  and  the  potential  barriers  are  Al  Ga  As. 
In  the  work  done  here  the  mole  fraction  was  limited  to  0.45  so 
that  only  direct  band  transitions  to  the  gamma  valley  will  occur. 
In  figure  1  the  drift  regions  extend  from  0  to  1025  angstroms  and 
1175  to  2200  angstroms  with  the  potential  well  sandwiched  in 
between.  The  dimensions  here  vary  somewhat  but  the  three  layers 
that  construct  the  potential  well  are  often  under  100  angstroms. 
With  dimensions  this  small  it  is  not  surprising  that  classical 
mechanics  is  insufficient  to  describe  these  devices. 

To  understand  negative  differential  resistance  in  the  RTD  a 
quantum  mechanical  approach  is  necessary.  This  device  can  be 
modeled  simply  as  a  double  barrier.  Electrons,  represented  by 
wavefunctions ,  are  injected  from  the  contacts  with  a  spectrum 
of  wavevectors.  The  electrons  encounter  the  potential  barrier 
and  are  partially  transmitted,  the  rest  are  reflected  back  into 
the  contact.  Of  those  that  are  transmitted  some  are  again 
transmitted  through  the  second  barrier.  The  electrons  in  between 
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the  two  barriers  continuously  reflect  between  them  until  they  are 
transmitted  out  of  it.  Electrons  in  the  well  whose  wavefunctions 
meet  the  boundary  conditions  can  have  a  transmission  coefficient 
close  to  unity.  These  electrons  are  said  to  have  a  resonant  energy 
and  the  wavefunction  peaks  in  the  well  to  form  quasi-bound  energy 
states.  It  is  these  quasi-bound  energy  states  along  with  the 
electron  distribution  which  are  directly  responsible  for  the  NDR 
region.  The  number  of  electrons  available  is  governed  by 
Fermi -Dirac  statics  so  that  as  you  go  above  the  Fermi  energy 
the  electron  distribution  drops  off  sharply.  The  transmission 
coefficient  depends  mainly  on  the  quasi -bound  energy  states  that  are 
present  in  the  well  and  secondarily  on  the  relative  height 
difference  of  the  barriers.  These  two  concepts  can  be  combined 
together  to  understand  negative  differential  resistance. 

At  equilibrium  the  quasi-bound  state  is  significantly  above 
the  quasi -fermi  level.  Since  the  electrons  are  primarily  of 
energy  close  to  the  fermi  level,  there  are  not  many  electrons 
available  at  the  quasi-bound  energy  to  tunnel  into  the  well. 
When  the  device  is  put  under  bias  the  right  side  is  held  at  ground 
while  the  left  side  is  pulled  down  to  the  appropriate  voltage  as 
can  be  seen  in  figures  2  and  3.  When  this  is  done  the  quasi-bound 
state  is  pulled  down  toward  the  quasi- fermi  level.  This  causes  an 
increasing  number  of  electrons  to  be  at  the  quasi-bound  energy 
and  therefore  a  larger  number  to  be  transmitted  through  the 
device.  This  initial  increase  in  the  current  can  be  seen  in  the 
current  verus  voltage  which  is  given  in  figure  4.  The  current  is 
determined  at  any  particular  voltage  by  calculating  a  transmission 
coefficient  for  each  energy  then  multiplying  it  times  the  available 


Resonant  Diode  (  precisions  ) 

500A / 500A / 25A / 50A / 50A / 50A / 25 A / 500A / 500A 
x-0.3;De1ec-0.24;Teep-300  K;  Contacts : 2el8/2el6 


-  Ec  (bias-0.223) 

.  1st  q-b  state 

-  2nd  q-b  state 
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figure  2 


Resonant  Diode  (preclslon.3) 

500 A  /  500 A  /  25 A  /  50 A  /  50 A  /  50 A  /  25  A  /  500 A  /  500 A 
x-0 . 3 ; De 1 ec-O. 24 ; Te»p«300K ; Contact : Nd«2el8 / 2el6 


Ec 

(b1as-0.250V) 

n 

1st  q-b 
state 
2nd  q-b 
state 
Ef-Ec 


figure  3 


Conduction  Band,  Electron  Density  Quasi-Bound  States  and 
Quasi-Fermi  Level  for  a)  G  2-23  V  and  b)  0.25  V 

41-12 


electrons  at  that  energy.  The  sum  of  all  electrons  transmitted 
yields  the  current.  The  maximum  current  available  occurs  when  this 
relationship  is  optimized.  For  the  device  we  modeled  the  maximum 
current  occurred  at  0.223  volts  while  the  minimum  occurred  at  0.25 
volts.  Note  that  the  maximum  does  not  occur  when  the  bound  state 
energy  equals  the  fermi  energy  but  at  a  bias  slightly  less,  due 
to  the  transmission  coefficient  degrading  as  the  bias  increases.  As 
the  bias  is  increased  further  the  current  will  decrease  and  the 
NDR  region  begins.  In  figure  4  this  is  the  region  between  0.223  and 
0.25  where  the  graph  has  a  negative  slope.  The  current  drops  because 
the  quasi-bound  state  is  pulled  below  the  fermi-level  so  that  there 
are  not  many  electrons  that  can  tunnel  through  at  the  resonant 
energy.  As  the  two  energies  are  further  separated  the  current 
continues  to  drop  until  the  bias  is  sufficient  to  pull  the  barriers 
down  low  enough  to  allow  electrons  to  pass  over  the  top.  At  this 
point  the  current  increases  proportional  to  the  voltage  increase  and 
the  NDR  region  is  finished.  Developing  these  programs  to  the  point 
they  c?n  predict  this  NDR  region  in  these  devices  is  the  biggest 
accomplishments  of  this  summer  project. 

Due  to  the  time  limitations  of  this  appointment  a 
complete  investigation  could  not  be  accomplished. There  are  several 
areas  in  which  calculations  have  been  made  but  a  complete 
understanding  is  not  in  hand.  In  light  of  this  I  would  now  like  to 
present  the  rest  of  the  calculations  on  the  resonant  tunneling  diode. 


One 

very  important 

parameter  to 

understand 

is 

the 

transmission 

coefficient . 

In  figures 

5  and 

6 

the 

transmission  coefficient  has  been  plotted  as  a  function  of 
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energy . 


Resonant  Olode  (  preclslon-3  ) 
500A/500A/25A/50A/50A/50A/25A/500A/500A 


figure  4.  Current  vs.  Voltage  for  Resonant  Tunneling  Diode 


Only  two  of  this  type  of  graph  are  included  here  due  to  space 
limitations.  The  two  that  are  included  are  the  plots  for  the  maximum 
current  (  fig.  5  )  and  the  minimum  current  (  fig.  6  ).  There 
appears  to  be  a  fair  amount  of  interesting  structure  contained  here, 
unfortunately  I  am  not  sure  exactly  what  it  is.  There  are  basically 
two  main  peaks  in  all  the  graphs  from  this  set.  For  these  graphs 
included  here  the  peak  energies  can  be  read  to  be 
approximately  1.25  eV  and  3  eV.  These  match  the  energies  of  the  two 
quasi-bound  states  rather  well  which  does  not  seem  unreasonable.  The 
interesting  feature  that  can  be  seen  here  is  that  at  the  lower  of  the 
two  biases  (  fig. 5)  there  is  a  second  peak  which  is  very  close  to  the 
1.25  eV  peak.  As  the  voltage  across  the  device  is  increased  to 
0.25  V  this  secondary  peak  drops  away  until  it  can  just  be  seen  as 
a  shoulder  in  figure  6.  As  of  this  writing  this  is  not 
understood  well  but  I  believe  it  could  be  understood  with  more 
analysis . 


The  final  calculation  that  I  will  present  here  is  a  plot 


both 

the  energy 

at 

which 

the 

transmission 

coefficient 

is 

local 

maximum  and 

the 

value 

of 

that  maximum 

for  each  of 

the 

two  quasi -bound  energy  states.  These  quantities  are  plotted  as  a 
function  of  bias  and  is  shown  here  as  figure  7.  Considering  this 
graph,  there  are  some  interesting  features  that  are  worthy  of  a  note. 
First,  notice  that  the 

transmission  coefficient  of  the  first  state  disappears  at  the 
same  bias  that  there  is  a  jump  in  both  parameters  of  the  second 
bound  state.  This  may  well  be  physical  although  again  it  is  not 
currently  understood  by  myself.  Weather  or  not  it  is  physical,  it  is 
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Resonant  Diode  (  preclslon-3  ) 
500A/500A/25A / 30A / 50A / 50A / 23 A / 300A / 500 A 
x-o . 3 ; Da  1 ec-0 . 24 ; Teep-300K ; Con tact-2el8 / 2el6 
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figure  5 


Resonant  Diode  (  preclslon-3  ) 

500 A  /  300A  /  25  A  /  50A  /  50A  /  50A  /  25A  /  500A  /  500A 
x-o . 3 ; Oe 1 ec-0 . 24 ; Teap-300K ; Con tact-2el8 / 2el6 


Transmission  Coefficient  vs.  Electron  Energy  for 
b)  0.25 


• —  trans. 
(r-to-1) 
bias-0.25 


figure  6 


a)  0.223  and 


Resonant  Olode  (  preclalon-3  ) 

/ 500A/25A/50A/ 50 A/ 50 A/ 25 A/ 500 A/ 500 A 
lec=0. 24 ; temp=300K ; Conacts : nd=2e!8/2el6 


figure  '•  Transmission  Coefficient  (dotted )  and  Quasi-Bound 
Energy (solid)  vs.  Bias 


interesting  that  the  lowering  of  this  energy  at  which  we  have 
transmission  combined  with  the  raising  of  the  transmission  coefficient 
should  imply  a  rise  in  the  current  at  this  particular  voltage. 
Checking  the  I-V  curve  (figure  2)  this  peak  is  easily  seen  at  this 
voltage.  This  at  least  implies  some  consistency  to  the  algorithms 
used  here  in  this  report. 


V.  RECOMMENDATIONS: 

a.  The  investigation  of  heterostructure  devices  in  general  is  an 
integral  part  of  the  advancement  in  high  speed  electronics.  The  progress 
made  during  this  appointment  would  suggest  that  a  continued  effort  in 
this  field  would  he  a  rewarding  choice. 

h.  A  consideration  should  be  given  to  a  wider  range  of  devices.  There 
are  several  new  devices  which  needed  to  he  analyized.  rn  conjuction  with 
this  the  programs  used  in  this  report  are;  very  useful  for  predicting  new 
s  t  rue  t  ures  . 

c.  Several  programs  currently  exist  from  the  Purdue  group  which  I  did 
not  have  time  to  implement.  These  include  a  one  and  two  dimensional 
non  equilibrium  Poisson's  equation  solver  as  well  as  a  Monte  Carlo 
simulation.  These  pr  trams  have  many  applications  to  t h i s  work  and  would 
bo  very  useful  once  they  were  on  line. 
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Computer  models  of  two  distinct  and  promising  beam  steering 
devices  were  performed.  The  multiple  stage  Wollaston  prism  beam 
steering  device,  utilizing  ferro-electric  crystals,  was  found  to 
give  beam  steering  accuracy  within  an  average  of  one  arc-second. 
The  optical  phase  array,  with  its  piston  and  gradient  phase  array 
patterns,  was  also  computer  modeled,  and  it  was  shown  that  with 
small  enough  radiating  nematic  liquid  crystal  elements,  there  is 
no  difference  in  far-field  patterns  between  the  two  phase 
pattern  types.  A  user-friendly  computer  program  was  written 
which  transformed  wavefront  phase  patterns  into  far-field  beam 
patterns. 
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I.  INTRODUCTION: 

With  the  ever-increasing  use  of  lasers  in  the  defense 
scenario,  it  has  become  increasingly  important  to  design  an 
efficient,  quick,  and  lightweight  beam  steering  device.  Because 
of  the  speed  requirement,  electro-optical  methods  offer  the  only 
feasible  means  of  designing  a  realistic  beam  steering  device. 
Also,  the  need  to  incorporate  the  device  on  airborne  or  space- 
borne  systems  adds  the  requriement  of  low  voltage  demand.  For 
this  reason  liquid  crystals,  with  their  inherent  speed  and 
efficiency,  have  shown  great  promise  as  the  electro-optic  mater¬ 
ial  from  which  to  build  a  beam-steering  device.  As  a  Summer 
Faculty  Researcher,  Dr.  Mohammad  Karim  surveyed  fast  liquid 
crystal  materials  and  their  possible  use  in  beam  steering 
devices.  As  his  graduate  assistant,  I  designed  computer  models 
of  these  devices  to  prove  their  feasibility.  Two  design 
approaches  utilizing  liquid  crystals  wete  investigated  by  Dr. 
Karim  and  myself.  The  first  design,  the  optical  phase  array,  has 
been  of  great  interest  to  Air  Force  Wright  Avionics  Laboratory 
for  some  time.  The  second  design,  the  multiple  stage  Wollaston 
prism  beam  steering  device,  was  first  conceptualized  over  twenty 
years  ago  (Soref  and  McMahon,  1966;  Kulcke  et .  al .  .  1966),  but 

only  recently  has  the  technology  evolved  so  that  the  design  could 
meet  both  the  speed  and  size  requirements  desired. 

I  am  a  Master  of  Science  candidate  student  in  the  Department 
of  Electro-Optics  at  the  University  of  Dayton.  I  have  experience 
programming  in  the  Pascal,  C  ,  Fortran,  and  BASIC  languages.  I 
was  introduced  to  the  area  of  beam  agility  by  my  professor,  Dr. 
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M.  Karim,  and  it  was  at  his  suggestion  that  I  apply  for  the 
Summer  fellowship  from  UES.  Apart  from  the  standard  amount  of 
research  done  in  the  undergraduate  years,  this  fellowship  has 
awarded  to  me  the  first  opportunity  to  perform  new  and  valuable 
research.  The  nature  of  the  Air  Force  research  on  this  project 
was  such  that  both  a  theorist  and  a  software  designer  were  needed 
to  fully  investigate  new  technologies.  It  is  in  this  way  that  I 
came  to  be  involved  with  the  project. 


II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT: 

The  prime  goal  of  the  summer  project  was  to  explore 

potential  systems  of  low-voltage,  broad-band  beam  steering 

devices,  and  in  particular,  to  explore  the  system  known  as  the 

optical  phase  array.  As  the  research  progressed,  one  other 

beam  steering  device,  the  multiple  stage  Wollaston  prism  beam 

steering  device,  was  deemed  to  meet  the  potential  requirements  of 

the  project.  These  requirements  were: 

50000  resolvable  angular  spots 
20  degree  cone  f ield-of-view 
50  cm.  x  50  cm.  aperture 
switching  speed  around  1  millisecond 
uniform  broad-band  performance  around  thre 
distinct  wavelength  bands: 

0. 7-1.1  microns 
4. 2-4. 5  microns 
9.5-11.5  microns 

As  the  field  was  narrowed  to  these  two  systems  by  Dr.  Karim, 
it  became  my  task  to  design  computer  models  to  simulate  their 
performance.  My  last  objective  of  the  research  effort  was  to 
provide  a  user-friendly  computer  program  and  an  associated  user's 
manual  which  would  transform  wavefront  phase  delay  patterns  at  an 
aperture  into  far-field  beam  patterns. 
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III.  THE  MULTIPLE  STAGE  WOLLASTON  PRISM  BEAM  STEERING  DEVICE: 
a.  The  Wollaston  prism  operates  on  one  simple  principle:  an 

incoming  beam  of  linearly  polarized  light  will  be  deflected 
either  above  or  below  the  horizontal,  depending  on  its 
polarization  relative  to  the  optic  axis  of  the  prism  (Soref  and 
McMahon,  1966) .  A  beam  of  light  cannot  pass  through  a  Wollaston 
prism  undeviated.  The  amount  of  deviation  caused  is  dependent 
only  on  the  internal  angle  of  the  prism  and  the  extraordinary  and 
ordinary  indices  of  refraction  of  the  material  from  which  the 

prism  is  made.  The  multiple  stage  Wolaston  prism  beam  steering 

device  (WPBSD)  is  simply  a  series  of  Wollaston  prisms  placed  in 
series,  and  constructed  so  that  each  prism  has  twice  the 
deflecting  power  of  the  previous  stage.  Each  prism  is  separated 
by  a  ferroelectric  liquid  crystal  (FLC)  half-wave  retarder.  In 
this  way,  each  prism  may  deviate  an  incoming  beam  either  up  or 
down,  depending  on  whether  the  FLC  has  caused  the  polarization  of 
the  beam  to  represent  an  extraordinary  or  an  ordinary  ray.  The 
purpose  of  giving  each  prism  twice  the  deflecting  power  of  its 
previous  neighbor  is  to  enable  the  device  to  have  binary 

characteristics.  For  example,  if  the  maximum  deviation  is  10 

degrees  in  either  direction,  then  the  last  stage  would  have  the 
power  to  deflect  a  beam  5  degrees  either  direction,  its  closest 
neighbor  2.5  degrees  either  direction,  the  next  stage  1.25 
degrees  either  direction,  etc.  Obviously  the  greater  the  number 
of  stages,  the  higher  accuracy  of  beam  deflection.  For  a  16- 
stage  device  with  a  maximum  deflection  of  10  degrees  either  way, 
the  device  would  have  an  ideal  pointing  accuracy  of  0.55  arc- 
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seconds,  and  65536  resolvable  angular  spots.  The  main  advan¬ 
tages  of  the  WPBSD  are  that  the  FLC  retarders  between  each  stage 
have  a  switching  speed  on  the  order  of  a  few  hundred  nanoseconds, 
and  cooling  of  the  system  would  be  facilitated  because  the  heat 
loss  from  the  beam  is  dissipated  over  16  separated  stages.  The 
disadvantages  of  the  WPBSD  are  that  the  extraordinary  and  ordin¬ 
ary  exiting  beam  from  each  prism  are  not  deviated  exactly  oppo¬ 
site  in  magnitude  (causing  appreciable  differences  compounded 
over  16  stages) ,  and  that  propagating  a  beam  through  16  separate 
prisms  is  bound  to  give  appreciable  transmission  losses.  The 
first  program  that  I  wrote  for  the  WPBSD  created  a  16-stage 
device  and  calculated  the  optimum  prism  material  and  the  optimum 
internal  prism  angle  that  would  cause  the  least  difference 
between  extraordinary  and  ordinary  exiting  beams  for  each  stage. 
From  this  information,  the  minimum  prism  thickness  and  minimum 
prism  aperture  were  calculated  for  each  stage,  giving  a  final 
device  thickness  of  no  less  than  5.6  cm.,  using  readily  available 
prism  materials.  It  must  be  noted  that  only  the  wavelength  band 
centered  around  1.06  microns  was  taken  into  account,  since  the 
index  of  refraction  values  of  prism  materials  are  not  tabulated 
for  wavelengths  greater  the  around  2  microns. 

Although  the  difference  in  exit  angle  of  the  extraordinary 
and  ordinary  rays  was  minimized  for  each  prism,  a  difference 
still  remained,  so  that  the  pointing  accuracy  of  the  WPBSD  was 
nowhere  near  the  ideal,  and  also  changed  with  desired  deflection 
angle,  most  notably  around  0  degrees  deflection,  where  the  16th 
(and  most  significant)  stage  switched  from  deflecting  down  to 
deflecting  up.  To  alleviate  this  problem,  the  vernier-type 
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accuracy  of  the  earlier  stages  is  utilized.  For  example,  if  one 
wanted  to  deflect  to  +9.5  degrees,  and  the  WPBSD  deflected  to 
+9.3  degrees  instead,  then  if  the  WPBSD  were  instructed  to 
deflect  to  +9.7  degrees,  then  possibly  the  desired  +9.5  degree 
deflection  would  result.  The  second  program  I  wrote  for  the 
WPBSD  took  a  desired  deflection  angle,  calculated  the  actual 
deflection  angle  from  the  WPBSD,  and  then  adjusted  appropriate 
stages  of  the  device  so  that  the  desired  deflection  angle 
resulted.  This  is  what  I  called  the  "trained"  WPBSD  as  opposed 
to  the  "untrained"  WPBSD  from  earlier  programs. 

b.  Please  refer  to  Figure  1.  Note  that  the  untrained  WPBSD 
displays  an  erratic  pattern  of  deflection  error,  while  the 
trained  WPBSD  is  much  more  predictable.  Note  also  that  (illu¬ 
sions  of  scaling  aside)  the  trained  WPBSD  had  far  greater  accur¬ 
acy  than  did  the  untrained  version.  Finally,  note  that  at  the 
central  wavelength  1.06  microns  (the  wavelength  for  which  the 
prism  angles  were  optimized)  on  the  trained  WPBSD,  the  deflection 
error  is  nearly  negligible,  and  increases  only  as  the  wavelength 
moves  away  from  center.  Calculations  showed  that  at  a  distance 
of  100  miles,  the  average  error  in  targeting  (wavelength  =  1.06 
microns)  would  be  on  the  order  of  13.5  inches. 

IV.  THE  OPTICAL  PHASE  ARRAY: 

a.  The  optical  phase  array  works  on  the  principal  of 
constructive  interference  of  light  beams  propagated  through  an 
array  of  elements,  each  of  which  contributes  a  certain  phase  to 
an  incident  beam.  One  way  of  introducing  this  desired  phase 
shift  across  a  beam  of  light  is  by  making  the  array  from  nematic 
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liquid  crystal  layers  (NLC) .  The  phase  pattern  produced  by  the 
array  of  NLCs  dictates  the  resulting  far-field  pattern.  There 
are  two  basic  phase  patterns  which  are  used.  One  is  known  as  the 
piston  phase  pattern,  in  which  each  NLC  contributes  a  constant 
phase  "plateau”  to  the  beam.  This  stair-step  pattern  attempts  to 
emulate  the  constant  slope  phase  pattern  which  an  ideal  deflector 
would  cause.  The  second  type  of  phase  pattern  contributed  by  the 
NLCs  is  known  as  the  gradient  or  echelle  pattern.  This  pattern 
uses  a  gradient  across  each  NLC  to  emulate  the  ideal  constant 
slope.  Theoretically,  this  pattern  should  exactly  emulate  the 
ideal  deflector.  There  are  two  distinct  disadvantages  to  the  two 
phase  patterns:  the  first  is  that  the  NLCs  have  typically  slow 
switching  speeds  (on  the  order  of  50  milliseconds) .  The  second 
being  that  each  NLC  must  be  electronically  adressed.  This  causes 
each  NLC  to  be  separated  from  its  neighbors  by  a  gap  which  is 
taken  up  by  electrodes,  etc.  Also,  since  each  NLC  is  on  the 
order  of  20  microns  wide,  creating  a  50  cm.  x  50  cm.  aperture 
filled  with  these  NLCs  would  require  addressing  0.625  billion 
separate  elements.  My  job  was  to  investigate  the  differences  in 
far-field  patterns  caused  by  the  gradient  and  piston  type  phase 
patterns,  and  then  to  create  a  user-friendly  program  which  would 
plot  these  far-field  patterns,  along  with  an  associated  user's 
manual . 

b.  The  piston  phase  array,  since  it  requires  only  one  electrode 
per  radiating  element,  is  the  more  desirable  to  the  designer  who 
must  address  an  appreciable  amount  of  the  elements.  Therefore  it 
is  desirable  to  show  that,  as  the  number  of  radiating  elements 
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approaches  some  limiting  factor,  the  difference  between  the 
piston  and  gradient  phase  patterns  is  negligible.  Since  present 
technology  can  produce  NLCs  20  microns  wide,  and  the  ultimate 
desire  (since  switching  speed  increases  as  width  decreases)  is  to 
produce  NLCs  1  micron  wide,  I  computed  far-field  patterns  of 
both  phase  pattern  types  for  NLCs  ranging  in  width  from  20 
microns  down  to  1  micron.  Results  show  that  even  at  an  NLC 
width  of  20  microns,  the  far-field  patterns  created  by  the  two 
phase  pattern  types  were  essentially  identical. 

The  final  program  written  computed  far-field  diffraction 

patterns  of  both  phase  pattern  types,  according  to  inputs  given 

by  the  user.  The  user  could  simulate  either  a  one-dimensional  or 

a  two-dimensional  phase  array.  The  user  inputs  included: 

ratio  of  NLC  width  to  width  of  NLC+electrodes 
actual  width  of  NLC 
phase  pattern  type 

amount  of  phase  difference  across  entire  array 
operating  wavelength 

The  program  constructed  the  appropriate  amplitude  and  phase 
members  of  each  array,  (refer  to  Figure  2)  and  performed  the 
Fourier  transform  on  the  array  to  produce  the  far-field  pattern. 
Due  to  memory  and  speed  constraints,  the  one-dimensional  array 
model  used  819  radiating  elements,  and  the  two-dimenional  array 
used  13  x  13  elements.  The  percentage  of  the  transmitted  beam 
residing  in  the  main  lobe  was  computed,  along  with  the  deflected 
position  of  the  main  lobe.  Refer  to  Figures  3  and  4  for  example 
output  from  the  program.  The  program  was  written  in  the  ASYST 
language,  and  a  listing  of  the  program  follows. 
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V.  RECOMMENDATIONS: 

For  both  types  of  beam  steering  devices,  theory  is  borne  out 
well,  it  is  the  present  state  of  materials  technology  which 
hinders  further  investigation: 

a.  For  the  Wollaston  prism  beam  steering  device,  it  is 
essential  to  determine  the  index  of  refraction  of  the  typical 
prism  materials  for  all  the  desired  wavelength  bands.  Current 
data  only  supports  computer  modeling  at  the  wavelength  band 
centered  around  1.06  microns.  Also,  transmission  characteristics 
of  each  type  of  prism  material  must  be  given  before  this  type  of 
beam  deflector  could  be  given  serious  consideration.  It  is  not 
known  whether  present  materials  technology  could  support  it,  but 
if  the  prisms  could  be  constructed  properly,  the  WPBSD  could  be 
reduced  in  overall  thickness  from  6  cm.  down  to  possibly  1  cm.  , 
enabling  it  to  be  a  very  feasible  device. 

b.  Technology  must  also  advance  sufficiently  so  that  the 
optical  phase  array  could  be  considered  a  feasible  beam  steering 
device.  Present  switching  speeds  are  still  around  50 
milliseconds,  far  too  slow  for  reasonable  defensive  beam 
steering.  Also,  the  amount  of  electrical  connections  needed  to 
properly  address  the  array  becomes  a  formidable  problem  with  each 
decrease  in  NLC  size.  This  effect  must  be  taken  into  account 
before  any  further  investigation  of  other  problems  with  the 
optical  phase  array  are  considered. 
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■  1DL0WER 

0.0  0.3  VUPOAT.OPIG 

1.0  0.35  VUPOR: .SIZE 


i  lOOP**€P 

0.0  0.63  VUPOAT.OAIG 

1.0  0.33  VUPQAT.SIZE 


>  1DSPECS. WIN 

0.0  .31  VUPOAT.OAIG 
1.0  .66  VUPOAT.8IZE 


i  20SPECS.WIN 

0.0  .04  VUPOAT.OAIG 
1.0  .4*  VUPOAT.BIZE 


3  STAING  SAATIO 
6  STRING  6WXDTH 
6  STAING  SXDELAV 
•  STAING  5V0ELAV 
6  STRING  SLAM80A 

10  STRING  STVPE 

11  STRING  PlcENAME 

RE Ac  SCALAR  RATIO 
REAL  SCALAR  width 
REAL  SCALAR  IDELAv 

real  scalar  vdelav 
AEAc  SCALAR  lambda 
real  SCALAR  factor 
real  scalar  OFFSET 

real  SCALAR  YDFFSET 
INTEGER  SCALAR  ESCAPE. Flag 
INTEGER  SCALAR  BOUND 
INTEGER  scalar  arra * . type 

INTEGER  SCALAR  XMAIPOS 
INTEGER  scalar  ymaipos 
INTEGER  SCALAR  CODE 
INTEGER  SCALAR  PLOT. TYPE 
REAL  scalar  PERCENTAGE 
REAL  SCALAR  IANGlE 
REAL  SCALAR  VANGLE 
real  SCALAR  MAI 


i  LOWER 

O.C*  0.0  VUP0RT.0R1G 
1.0  0.3  VUPQRT.SIZE 


DIM:  64  ,  64  J  COMPLE*  ARRAY  IMAGE! 

dim:  I'M©  :  comple*  arrav  image i 

D I M(  64  ,  64  1  real  ARRAV  RhASE c 


oi«c  ro4e 

OIMt  10  ) 
DIM!  1 26  3 
DIM!  126  J 
DIMC  64  3 

DIM!  64  ) 


real,  arrav  Chase: 
INTEGER  ARRAY  CELL 
REAl  ARRAV  Pi 
REAL  ARRAV  PC 
real  ARRAV  AMFt 
REAL  ARRAY  AMP 2 


Ci{«.A£»S 
13!  C*  DO 

I  funCT IOn. «|r, DOES  NOR 

LOO» 

» 

PP'.OUI* 

SCREEN.  CUP* 

CfrLIlC:  SCREEN. CLEAR  »€L^  . *  Oul T-> 

PCvfv  ->060*  M  •  ir  IU  TMfN 
I 

"E AC. PILE 
NCRv*A_.DlSH.Av 
(DCF1  SCREEN. CLEAR 

.*  HE»E  IS  A  l  15*  OP  NLC  OR’ICa_  »hasE  GRATING*  CR 

*  »ILES  nhiCm  have  ken  RREvIoltSl*  Saved i  •  C" 

CR  0  I A  • . NLC 

C«  CP 

•  Please  enter  U<  nrne  0»  in*  vile  vtv  MISH  TO  REVIEW.*  CP 

'NO  .NLC  EXTENSION  is  NECESSARY. 

-INPUT  FILENAME  *  t - 
filename 

•  “LEFT 

•  .NLC*  -CAT 

• ILE  NAME  - r - 

SCREEN. Clear 

I  A  QRAPHICS. DISPLAY. MODE 

SRAPhICS.DISPlAv 

tSPLirrj 

filename  defer >  PILE. OPEN 

1  BUS* ILE 

l^PER 

01"!  30000  )  IMTEKR  UW «RRED. ARRA- 
F  JlE  >RR»a» 

D|H|  30000  :  UNNAMED  .ARRAY 
RESTORE .  VA^ORT 

2  *u**lLC 
LOWER 

Dint  30000  )  IPP«A"ED .  APRAv 
F I Lt >AARA- 

01  a;  SOYtOf  ]  LPARWCD.  ARRAY 
RESTORE.  VLWOR* 

F  IlE  .  CLOSE 

OFCRRi  <0**1  SCREEN. CLEAR 

•  CRM  »  'INC  the  DESIRED  FlLC  *  F(lCna-*C  -ty-PC  .*  On  OIS*.*  C» 
.*  PLCAM  0«C«  T»«  AVAILASwE  files  OlvEN.  AMD  TAv  AGAIN.-  CR 

c» 

-  »  v«N  AH-  «f-  TO  CtPTYtNLE  -  Kll  PCFCV  TDROP  DRO* 

“■FlLE.OFEN  if  file. CLOSE  »*«n 
"’Ml' 


Pf’t  ':u 

F  ILC  .  Tf««LRTr 

iNTCDtR  ct":  3'vr*X‘  1  slip*  ILC 
INTEGER  Clw.  3lOOC  )  SUSP  ILC 

CNP 


SC  E«!T  FlLENAHC  CE'E»  FILE. CREATE 
IT  Eh:*  filename  DEFER’  P|l£.OREn 
u«*r- 


l  *L>  lC 
O  D I  h .  -OOOO 
OIN'  V-OCKJ  J 
STORE. YUROR’ 

din:  soool  i 

4RBOV 'F ILE 
LOWE* 
r  subfile 

O  DIH(  ZCKXV 

Dint  30000  ; 

STORE. YUPORT 
OIh;  SuOOO  1 
ARRAY >F  JLE 
FILE. CLOSE 


*  INTEGER  UNna»«D.  ARAAv 
UNNMMCC. APRAr 


3  UNNA-EC. ARRAY  ,• 
UNNAMED.  AAAA> 

UNNAMED  .  ARRAY 


(Split;:  screen. clear  dis*  error.  cmcct  f!le  name 

.-  TYRE  ANY  ACT  TO  CONTINUE* 

SELL  PC"E» 

*T«0*  DROP 

*•»  ilE.OPEn  if  FILE. CLOSE 
tn*n 


I  SAVE. NAME 

<split;>  screen. clear 

.-  MATE  OF  NEW  f  i l£  ■>  I  NO  .NLC  CiTtNSIONS.  Please  )  ’ 
-INPUT  FJLiNA^  - » - 
F IlENAME 
I  -Lfr* 

*  .NLC* 

•CA* 

FILENAME  • 1  - 
II  SAVE. SCREEN 
SAVE.  NAME 

**itc.fjl£ 


.  5*E«.«TIF 

< split;: 

L**E*  vuROR*. Clear 

LOWER  APO**.ClEaf 
file. OPEN  SPECS. »1C 

i  surf  ice 

Oi":  :000c  i  integer  irpaamcd. arra- 

FILE  > ARRAY 
IDSfecS.wIN 

DJM.’  3000''  )  iPPNXMEC.  ARAA- 
RES-ORC. VLTOP* 

7  SUBFILE 

01"!  JC^OO  J  unnamed. APAA- 

F ;.E 'ARRA. 


(S*_ I *?■ 

SCREEN. tLE»« 


;os*tcs.wiA 

ci":  yv>o^  :  ^mnane d . array 
RESTORE.  W OR* 
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file. close 

i 

»  10. FULL. PLOT 

1  DUFFER 

l.«  :.0  DATA. SIZE 

A*  i.  .  DEFAULTS 

ho*::cntal  opid.off 

WO.cADELS 
AH 1S.FJT. OFF 
VERTICAL  AlIS. FIT. OFF 
PHASE  1 

ev#*'  Mit.colo*’ 
i.wHit#  color 
Mmta  eel  O'* 

V. AUTO. PLOT 
•nit*  color 
NORMAL . COOAOS 

O  Chaa.DIF 

0  LABE...  DIR 
. *  .07  POSITION 
•  FAA-riCLO  INTENSrTV*  LABEL 
.35'.  .  ITT  POSITION 
.350  .2  DR A*. TO 
0 » UP  color 
OUTLINE 
I 

I  1D.NEAABT.FL0T 

i dlowe* 

Alls. DEFAULTS 
1.0  l."  DATA. SIZE 
HORIZONTAL  SP ID. OFF 
NO. LABELS 
Axis. FIT. 

VEPTICAL  AXIS. FIT. off 
PHASE  1 

CV*r>  jxil.col  O' 

Hhlt*  1*0*1. color 

l . t*  eolor 

Y. AUTO. PLOT 

mmtr  ColO’- 

NOPHAu . COORDS 

.4  .0?  POSITION 

0  CHAP. o IP  O  LABEL. 01P 

-  M1GHEP-OPOEP  TEAMS"  LABEw 

.55  . 125  POSITION 

.55  .7  DPA*» .  TO 

Olu*  COlOr 

OUTLINE 

i 

«  ID. PERCENT. find 
PHASE l 
phase  I 
nsur 

PHASE l  i - 

PHASE!  SUBC  XHAXCOS  lO  -  .  20  3  MSUH 
i*X  •  PERCENTAGE  »• 

phase i  c  xhaxpos  i 

HAx  I  • 


I  ID. CLIP 

o.  phase i  *uo:  xhaxpos  iu  ;  •  » 

< 

i  ID. ANGLE. FIND 
LAMBDA 
WIDTH  / 
l«.i  boon  a  / 

Jo;  • 

4  l 

r**l 

/ 

XHAXFOS  102*  -  • 

ISO  •  PI  /  XANGLC  in 
I 

I  ID.HAX.FJNO 
f*.  HAX  , - 
2y*o  1  DO 

PHASE  1  I  1  3 

MAX  > 

IF 

I  IMAXPOS  I- 
PHASE1  I  1  3  HAX  1 - 
THEN 
LOOP 

i 

I  l C. S6EC?. FLO" 

SPECS. *JN 

{SPECS.  SCREEN. CLEAR 

. -  RATIO  OF  LC  WIDTH  TO  FULL  CELL/  "  PATIO  . 

. -  WAVELENGlHi  -  lambda  .  .•  MICRONS.-  CF 

APERTURE  WIDTH  OF  LC  CEllSi  -  wtO*H  .  MICRONS.-  CP 

.-  PERCENTAGE  OF  BEAM  IN  MAIN  LOPE «  '  PERCENTAGE  .  Ce 
.*  LOCATION  OF  OEFLECTED  BEAM j  -  xANGlE  .  .  "  DEGREES.*  Cp 

STVfg  "TYRE  PHASE  ARftAv. 

*DELA»  .  . “  RADIANS  TOTAL  PHASE  ACROSS  ARRAY.” 

olu*  color 

OUTLINE 

,  ID. TRANS 
REAL 
Z-POL 

1022  ROTATE 


i  CELL  -  HAk'E 

RATIO  1  MODULO  ABS 
lO  • 

POUND 

0  BOUND  •  IF 

lO  BOUND  i • 
THEN 

C  CELw  i - 
BOUND  I  *  1  DC 
1  CELL  C  I  3  i- 
lOO* 

POUNC  10.0  / 

RATIO  »- 

RATIO  SRATIO  " t - 


iDClA* 

PHASE! 


I  |  .  AMP.IWM'E 
REAL 
CELL 


12.  PHASE  .MANE 
•IN 

1  ARRAY. TYRE  • 

IP 

704*  RAMP 

1  - 


20*6  ♦ 

•  !*»?  / 

XOClRp  • 


ELSE 

?'♦*«  RAMP  70*6  • 

10  /  0.3  - 

FIX  At< 

>0.0  •  •  i  / 

«DtwA»  '  • 

PHA«J  I* 


11.  PHASE. HAKE 
RCA. 

i  ARRAY .  TYPE  • 

»* 

204*  RAM*  |  - 

«0*»  . 

*i*r  / 


"AM 

ELSE 

704* 

10  / 

FIX 

1C.0 


40*4  • 

0.3  - 
REAL 

•  IP?  / 


OUP 

CATENATE 

LOO* 

SUBt  »  ,  70*6  ) 
01^ 


10  I  DO 
01* 

CATENATE 

LOO* 

Sub (  204*  , 
DU* 


204#  3 


REAL 

CELL 
II  1  00 

OlH 

CATENATE 

LOO** 

SUBC  40*7  ,  204*  1 
DUP 


,  X*. AM*. MAKE 
*CAl 

cell 

IX  1  DO 

ou» 

CATENATE 

LOOP 

«UP  C  * 1 42  .  204#  3 
OUP 


14.  PHASE.  MATE 


1* 

2o«# 


*144  • 
*1*2  / 
■OCLAV  • 


El  Si 

7r»4*  RAY*  4 1  *4  . 

lo  /  0.3  - 


i  XI.  PHASE  .  MAKE 
REAL 

l  ARRAY. TYPE  - 

IF 

304#  RAMP  J  - 

#i*r  > 

iOClAt  • 

PHASCI  t- 
ELSt 

704#  RAMP 

10  >  0.3  - 

FJ>  BfAv 

10.0  •  St*?  ' 


rjx  RCal 

,0.0  •  BIT- 

IDClAy  •  • 

PHASEl  »• 

T*«N 

*  ic.pxpop 

I»Ow 


PHASE  1  > - 
1C  BOXP-O  / 
203  •  *»  • 


-?  PI  • 

FACTO* 

I  1024  -  4 

OF*sr  • 
p*NiSE:  l  I  >  • 
phASCi  {  I  1  «• 

LOO* 

PHASCI 

:»po- 

INAGC1  • 

IMAGE  I  *• 


*1.  E»P{P< 

O  .  \ I  • * 
o.  PHASE:  »■ 
-3072  OFFSET  »• 

10.  p*pot 


c.iiHP 
- 1 07*- «♦ * 

IO.PKPRT 


: .  eipcxs 

,0?4  OF*SET  I- 

10. P»Por 


I  I4.CTPXP. 

307?  OFFSET  ip 


8  tt!S.r!«la«  «• 

Ts*?r?' "screen. clca*  •  s»*ces 

t  1  >  K—  ID  Pr  r  4 v  F»t  Sc  ■ 

OC*PY 

*0*00 


»•’  «««•  home: 


COOP  C  4»4 

?1  a* 


0  ESCAPE- FX *6  - 

•y*pI * 

t**" 

•  1  TVPt.T^NU 


7  P*C40#. *1 •*  ‘ * 
l  PPCPOF’  *  1  •*  1  * 

•  4*4.  pe  '  ppn 


r’l1 
»"00< 
•-a  o' 

t«M' 


0  COLE  « - 

ISPlI’C.  SCREEN. CLEAR 
2?  SPACES 

-  4  7-.  b  I  at** 


Cl##'.*** 
FCkf* 
70RC* 
con  t- 

CCDC  CASE 


r->  OF  SlAIED 
rfl  or  PI6T0* 


MYSCL* 


CNOCASE 


IS)  *iPtor* 


ENOOF 

ENCCT 


p^ase:  :  ymaxpos  .  xmaipoe  ‘  **•-*■ 

c  p«MSE3  I  YMAXPOS  .  XMAXP01  3  *• 

Phase?  CJMAI  ( 3"A1  1.3  •  > 

IF  , 

phase:  I3MAI  II"*'  _  • 

i„ftCE :  i  YMAXPOS  .  * HA I PCS  :  ' - 

DPO*' 

tkSHAjC«  (  ymaxpos  .  f NA  1*05  I  <* 
The*. 


.  #L AlEP 

1  ARRAY. TY»€  IP 

■  #l ah r ■  Sf*p«  *«• 

I  'piSTtX 

0  ARRAt  .  tV*E  i  p 
*  PISTON’  STYPt  *•- 

i  IC.^VRj 


i.  CROSS 

icR<-T  w»o*t. clear 
Al  :C.Pf*AJLTS 
M0*  )  [!MT *-  HC.LA6E-S 
h^p  :  iO*TL.  BRIO,  off 
A.JS  F.ver* 

Vtc-:?Av  AXIS. FIT. OF' 

phase: 

lit;*;  ymaipoS  .  '  3 
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2d.pshcent.pimc 


LMCw-COI 
I.HMITC  COft- OP 

t.mito.RlOT 

klu«  c«k«r 

outline 
•^trc  colO* 


.3  .ot  position 

*  t  C«0«-*<CTJO»'  LASC- 
mO»mAw  .  C00*03 
.94|  .10  POSITI**- 
.94*  .20  9MM.T0 
I 


*  v.CPOSt 

vc*oss  utropT.a.i*R 

Ult.K>«JLT| 
ftOftllOMTAL  MQ.LASCLl 
MOPIZCPITAL  SA1D.0P* 

*»j§.pit.o*p 

VERTICAL  Mll.m.0** 

I SECT (  •  .  J 

«•"  *■!•. «•»•** 
tfiU  »*••». c«»pr 
l.wntt*  coir 
v.auto.PlOT 
klua  c«l«r 
OUTLINE 
•OHX.tWM 
■Mtk  tol»- 
.3  .OT  POSIT  10* 

*  V  C^OfS-tCCTION*  LASCu 
n»-Ml  .c*<P*« 

.3**  .\  1*01 1  T  l  ON 

.34*  .3  oma-.to 


i  IY2.PLQT 
■T*Ck . ClC*R 

3a vu  . Cl  pa- 

C  I  .MII.M*  «ul  l* 

.03  .03  a*t#.*ris 
|1«m2 

t  color 

<>o” . oi  ot 
Hot  color 

Out  I i no 

\  CONT.OtOT 

cooc 

STACR.CLE-W* 

3a  vu  vuoore.eloa'' 

Cl  oar . a«t*.ao**ul  ‘a 
M0«5  IZOUTOV.  0«10.01J 

Vt"T  I C*t-  Q« !  D.  on 

pnict _ 


l  .lOlU  COiOr 

■  COntOU'  .  aiot 
Hm»  eo*»r 
Out li"« 

OMt»  Color 

M0*LD.C00*0S 

in* IP OS  y  POSITION 

in* ipos  3  OOOw.tq 

Q  m*»Pt?4  PCSJTJdv 

•  »n*«o03  D**». TC 

(Hut:: 

I  2D. SPECS. PLO* 

mci.ni» 

(SPECS’  ICWiN.CwIW 

-t  r  ♦»’■ .  'p**< 

ratio  kPatto  "«• 

1  MOO*  *.*  tlHOCI  *»» 

«ilt>  * . *  toiotn  *»• 

Moalav  *  I  • 

vatu*  kvaalat 

*  RATIO  V  LC  HIOTn  TC  Ouu-  CCLLl  *  %P-'l 0  ***** 

NAVELENOTM!  *  |UP-tD«  -TVF*  .  *  PIC*0N».*  C» 

.*  L0C4TIO.  0*  D€*i.tCTtD  K*kO.  •  14H0LC  . 

.  ‘  tanQlE  .  .•  MWIU.-  CR 

.*  *PPPTU*1  HIO’M  a*  LC  CEwL.li  *  SM J  DTn  'TV**  .  * 

.r  f  -  l*0CL*r  '*v*c  C* 

*  PERCENT*®*  OP  SEAT  IN  MIN  lOH:  *  PERCENTAGE  . 

.  *  V  -  1 vd*l*t  *TVP|  C» 

STypf  *TyP*  .-  Ix*l(  ARRAY. ' 

:*  s**ce:  .  *  **oi*n»  tota^  *n*k  across  array.* 

klua  color 
OUtuIK 

■  roNtnu 

o  ncm.  *  I  *®  »■ 

0  coop  * ■ 

CLEo*.P»  *»t 

<«plI»3  SCREEN.  CL  PR* 

.  ••  4  z  ■  no-  J0-OlOt  «2»  •  Vt  441  contour  Prf  |c>  print 
M0—€ 1  pain  ponu* 
eur»e- .044 
*«►#» 

*a'ot 
coo*  •• 

C 04 a  caaa 

?I  o*  I  aac»oa.*laq  ip  »raoi 

I!  oi  I  sacaoa-ilaq  «•  #nOO< 

ft  04  a yt .01 Ot  t»ae< 

#4  ot  con; . c) ot  #noe< 

40  o4  *awo.sc-oap>  onoo< 

7*  O*  * ♦ t . out  t  #nso« 

«y**|4 


•nocass 


*m*H3 

*Ha«: 

tlHP»  t  3  Sum 


phase:  •«*(  w»i*o*  2  -  .  4 
10  • 

PI -CENT  *01  •• 

phase:  1  vmiRot  .  *"*»*a*  j 


1  2D.RM6Lt.PINC 

LANS DR 
HJPfN  / 

10  »O«J"0  I 

4.?  •  <»■ 

rooi 

DU* 

in* IPOS  32  -  • 
ISC  •  *t  / 
IanQlE  •• 

MICRONS.  •  YMAIPOS  St  *  • 

ISO  •  PI  - 
TUMBLE  »• 


I  20. NO*. P I MO 
0.  HR*  •• 

43  I  DC 
43  I  DO 

phase:  1  j  .  1  J 

MAI  > 

!» 

phase:  1  j  .  1  ) 

Ml  «  • 

J  in* ip 03  ■ - 
J  VHAIPOS  t- 
thCn 
L0O* 

LOOP 


■  AMP.nAKC 

CELL 
7  I  DC 

CCll 

CATENATE 

LOOP 

SUS'-  I  »  44  J 
4nPi  i« 


P  pscao*. * l *S  • 

ft  * 

%vll I  4 

than 


DC 

CCLw 


imipqi  :  -  .4  I  t)au«  On 

CATENATE 

wC04 

tut  *3  .  44  3 

ap*  .  »• 


.  20.A*^l 

AMP;  AMPI  f  ft  I  • 

43  2  K 

Rr-Pj 

RN*J  t  I  J 
L  AMI  MATE 

LOO* 

DUA 


,  :o.rp*: 

m*+~  »^l  t  ft  1  * 

43  2  DC 

am»: 

AMPft  I  /  J 
U ANIMATE 

LOO- 

0\J* 


,  2C.AHP3 

AMP;  AMP2  (  ft  I  P 


*np:  t  i  1 

LAMINATE 

LOO* 

DU* 


am*:  rmp;  c  t  1  • 

43  :  o" 

amp: 

amp:  t  t  > 

LAMINATE 

LOO* 

Ot/* 


,  phase- marc 
J  AAA A* . TyPt  • 

If 

*€-- 

1 :*  ramp  i:s  / 
I  Ot'-a*  a 


phase  ,m>  r 

1  AAAA. .TVAi  • 

IP 

RE*. 

;:c  iip<  i?t 

p  .  • 

j  :c-  -amp  1  :b 
•«;»'  a 

else 

IJf  ROM*  l  -  ft.or'TB’RO  • 

It  O.Z  - 

PJ|  real 

I". n  .  120  ' 

*  0Cl4*  • 

Pi  t - 

t;s  RAaM  1  -  ft  .OOTiT4>  • 

10  •  e.s  - 

P|l  RfA- 

!>;. '  a  *:o  - 

*DE.A'  a 

*:  1  ■ 

THEN 


LAMINATE 

loo* 


1  :t*NASE* 

r  :  SUSC  43  .  44  )  *:  C  *3  I  • 
43  :  00 

PI  SUSt  *3  .  3 

•?  :  1  »*  •  : 


.AMtatATE 

LOOP 


/po. 

PHASE:  I • 
in  SOUMC  / 


ID . phase : 

p;  S'JS:  l  »  *4  1  P2  C  »  I  ■ 
43  :  c: 

1 .  susr  »  .  44  1 
p  r  c  1  .* 

lamjmatc 

l  oor 

phase;  »• 


PfcCTOR  ■  • 

41  I  OC 

*:  1  do 
p  actor 
I  3?  -  • 

CPPSC1  • 
PRCTQP 

:  j:  -  • 

l£P*SE’  a 


rc  phase: 

*.  $yf  p:  1  1  1  • 

42  :  DC 

*  ;  SUPt  43  .  4*  ! 

laminate 

LOOT 

•mrsc:  *■ 


p  3.5  ,  t*  1  *:  !  1!  :  • 

*2  :  ; 

*  sue:  i  .  **  1 
p;  1  1  *«  •  : 


phasc:  t  :  .  t  3  • 

• ha sc:  t  :  .  1  :  «• 

LOOP 

LOCP 

phase: 

!p*C- 
image:  • 

INA0C2  •• 


•  ;; .  1 1  pcn  1 

c.r  imaoc:  ip 
phase:  .u 

dppse’  >• 
::  poppset  . » 
;ct«R0a> 


42-1  5 


i  7t.f*fON7 

5?  Off*C’  %m 

ZZ  *• 

n.ti+o* 


l  «.«*«*? 

-s:  o»»«r  •- 

-37  *QNf»tT  •• 
2D. UNO* 


37  Of*iC'  »■ 
-77  rONNSC'  «• 

an.***®. 


MA. 

InNOm 

TC.ffT 

3 1  NOTATC  TMNII  i  ,  2  1 

31  notate  rihMl  1  ,  3  i 


•  »+T  IS  QN«NAT|NC-  ■AVt.ENSTW 

•  r«^vr 

1*  ..•»•©* 


UK  1.0*  lAHDOa  » • 

nm* 

KM(N  CUM 

cc- — ha*c 


■  NON  COMUTtN*  TMNKO*- 


0*  «.* 


7U.  TMMtC 
7S.C«*9tl 

lOVfo.CitM 

.*  MOW  CP  OUT  1M0  THWH^Om  •;  O 

nhNPCZ 

?t.T— Mg 

Jt.*»Npt2 

•OVfN.CLtAA 

.*  WON  COMMUTING  lMNirOi.*  •'  o  «.• 

».a*»J 

U.VMRU3 


l»<  H1CA0N*  t  -  - 


1  at.o*iv** 

»TAC«..  CLEAN 

I*  ONamh  1  CD . 0 1  *nlay . MODE 
PiKNICt.BIPvM 
••CCS.  MTU* 

<»*aJT-J  *C*tt*.U.t** 

*  1 .  A  AT 10  *  *  tlNOOT 
I *  NATJO  »■ 

ELSE  1.0  NAT  10  •• 

THE". 

•CNCEn.ClIAN 

.*  7.  C*Y«TAl  (IK  *»  *  •  1  MU’ 
width  «• 

cm  10.0  width  1- 
tmck 

T  YNC . HCN. 
o.  iwncc;  I- 
0.  »-"«*se7  »• 

SCAECn.ClEan 

*  €*<rtA  THE  TOTAc  NmA»C  DELAY  AC*ODS  TNf  i-DIACCTIDN.  IS  NAD t AW*. 
ainTu’ 

i»  *oil*» 

fLSC  0.0  I0CLAY 
TWCH 

fCACCN.  CL*AA 

CSTfA  THE  TOTAc  fMASE  DELAY  ACAOff  THE  Y-DINECT ION.  Is  AAOiAMt. 
•fHAL’ 

Ir  -YCt-AY  I* 

tLS£  0.0  VOClAy  t- 
T*E- 

SCRCCn.ClCAA 


TS.tAAOS? 

KWM.C.CM 

,*  tO»  r>MUTiH0  TMAKOM  •«  O  *.  * 

:d.mu« 

7I.TAAN* 

](.(■•»< 

S7ACEM. clean 

M»  CQHNUTIMO  HKrY’Mtl.  HA  I  .  C*OSS-DE  7T  10**s ,  ETC.* 

Dt» 

CPU 


22. MM. FIND 

r:.A»«L£.*i*t 

r:.A«ACENT.*iNC 

ae.cuiA 

CWW«N  VA-’ON’.C-CA* 
L0*»  VL»OAY.C.CAN 
•  .C'M* 
v.crmt 
3s.tMCt.tioi 


KAN*.  1 1  aq  - 


•TACL.CtEA* 

lb  8N4*w!CS.  HODt 

0AANm|CS.DI«NwAv 

••ECS. SETE“ 

EiALlTJ  SCNCEN.CLEAA 
.  *  1.  A AT  1 0  '  -  *INNUT 
|f  NAT  1 C  I- 

CL»t  I.P  NAT  10  «- 
Tt^v 

•CNCiN.CLl** 

.*  7.  CAYfTAt  «IIC  "T  *  *INNUY 

If  width  ,• 

€'_«£  10.0  WIDTH  •- 

THEH 

TYNE. WES. 

0.  IHAGE  •  I- 
O.  Nt**Si;  >. 

•c*et‘..  uc  an 

.*  ESTff  Tt«  TOTAL  NMADC  DELAY  ACSOtS  THE  ANAAY .  IS  NAOlAMC. 

•  ItPu- 

If  IDCw •*  '• 

cldc  0.0  1 delay  «• 

THCs 

WMA-  15  Y-C  ONE NAT INC  WAVELENGTH  1  I*  HICftOND  1  T  *  A|*^VT 
|f  LAhDOa  .. 

USE  I.C.  .AffDO*  •• 

tst* 

icnis.uiM 
CELL . HNA  C 

IDNlITJ  DC*t(N.  CLEAN  .  *  NO.  CP^ljTINO  TAAMVONN  *1  O  ** 

1 1  .  * HADE . HAKE 
NHASC  ; 

ID.  ’»Nft 
l  l.ClfO* 

•CACF'-.C^f  AA  .  •  NOW  CP^IJT  I  NO  TNAN«fONH  *2  Of  •" 

*7 .  Ar*  .HA-r 
t;.N>-ASi  .hake 

HA|r  . 

»C-  ’«.»• 

17.  f  f*c*> 

•CNtls.C.lAA  ,  •  MOW  CP»UT1NG  TAAHttONH  *3  0*  •* 

>3.  amp  .  ha.  r 


•c*tc».  7LCAA  .  •  NOW  COHNlctjho  TAANMOAH  •«  Of  •’ 

14  .  mr*  ,*wwr 

It.rMtU.SWE 

•"•It: 

1C.  Y* AN* 

»«.C«NOS 


SCfECs.Ck.CAN  so*  C0-*UTIW3  *f*CI*.-AOCS.  C”.  ’ 

tHAOCI 

Du* 

CPU 

Zhag 

NttASC  1  .• 


ID . "•* . r  t*C 
ID. AAGLC . f INC 

ic. NEscrs-.frNr 
UN*C*  V.«C«*.CLCA* 
LOWE"  VL*C«*.C-CAA 
1 D.  fULw  UCT 

id.  Cl  I* 

iO.MCAAt • -fV0T 
ID.SfCCS.fLQT 
!•• L 1 T  7 ■ 

CuNDOA.Cff 

I  **C  ANN  .  *  1  A*  > 


•  ks»o«{ 

0  C SCANT . t .AG  I  - 

<S*L 1 ’7  >  •CNECn.ClCAA  t  SfACCf 

.*  «10'  •“Ot«r'  *11#  'l«|M  f*-T  S«l  0»-|*l  *OE '  Ml"  NN"kJ 

CU*S0A.0N« 

NCKC  • 

YD*0* 

CODE 

CODE  CASI 

f-.o  CF  j  tSCA*c.UA<-  • .  CSDOc 

Y  of  :  ESCANE.fk.AG  !•  tNOC* 

"•ttL» 

KSOCAQK 


I  HA|s.*C*S 
NCft 
-PC* 

cr.cc 

CODE  CASE 

»1  0  t"f 

f  7  0-  ■ 

f  ip  q*  c-.r 

’•  f»  Is7Cr 

»«U.T 
CsOCASC 


42-16 


FIGURE  1:  ANGULAR  DEFLECTION  ERROR  VERSUS  INPUT  WAVELENGTH  AND 
DESIRED  DEFLECTION  ANGLE,  UNTRAINED  AND  TRAINED  WOLLASTON  PRISM 
BEAM  DEFLECTORS. 
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FIGURE  2:  COMPARISON  OF  PISTON  VERSUS  GRADIENT  PHASE  PATTERNS  FOR 
A  TWO-DIMENSIONAL  PHASE  ARRAY. 
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FIGURE  3:  EXAMPLE  OUTPUT  FROM  THE  FAR-FIELD  PATTERN  PROGRAM 
MODELING  A  ONE -DIMENSIONAL  OPTICAL  PHASE  ARRAY. 
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FIGURE  4:  EXAMPLE  OUTPUT  FROM  THE  FAR-FIELD  PATTERN  PROGRAM, 
MODELING  A  TWO-DIMENSIONAL  OPTICAL  PHASE  ARRAY. 
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ABSTRACT 

Ar.QIlTRTTTDM  Q£  DIGITAL  RADAR  DATA 
ECLB  USE  UN  _IHE  _tMRROVED  _LSPJ<  .SUET-WARE 

The  methods  used  to  acquire  radar  signals  in  a 
digital  form  are  explained.  A  set  of  programs 
develoDed  to  capture,  transfer,  and  process  the  digital 
data  are  described,  along  with  instructions  for  their 
use.  Several  improvements  to  the  ISPX  software  are 
introduced  and  explained. 
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I. 


The  acquisition  of  real  world  radar  data  in  a 
discrete  time  form  is  required  for  any  computer 
analysis  of  radar  signals.  The  Passive  ECM  Group  at 
Wr i ght-Patterson  Aeronautical  Laboratory  has  been 
developing  a  package  of  radar  signal  analysis  routines 
which  were  tested  and  evaluated  based  on  computer  gen¬ 
erated  data.  Due  to  the  high  frequency  of  radar  sig¬ 
nals,  no  method  for  capturing  real  world  signals  had 
been  developed. 

My  research  interests  have  been  in  the  area  of 
specialized  hardware  for  digital  signal  processing.  My 
work  as  a  technician  in  a  lab  devoted  to  computer  aided 
hardware  development  uniquely  qualifies  me  to  work  on 
both  the  hardware  and  software  aspects  of  radar  signal 
acquisition  and  analysis. 


I L.  OBJECTIVES  Q£  THE  BEEEABEB  EEf-ORT 

As  of  the  beginning  of  my  assignment  as  a  partici¬ 
pant  in  the  i98o  Graduate  Student  Research  Program 
'GSRPj  there  was  no  method  for  acquiring  radar  fre¬ 
quency  data  in  a  discrete  time  format.  In  addition  to 
this,  the  Interactive  Signal  Processing  O.ec.ufive 
ciSPX)  analysis  software  was  lacking  a  method  for 
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determining  tne  exact  frequency  of  peaks  in  the  spec¬ 
trum  of  a  signal.  As  I  became  familiar  with  the  ISPx 
package,  I  encountered  a  number  of  deficencies  in  the 
program’s  ability  to  manipulate  data. 

My  research  effort  for  the  1988  GSRP  was  to  remedy 
the  deficencies  in  the  ISPX  software,  and  to  develop  a 
method  for  obtaining  real  world  radar  data  using  avail¬ 
able  equipment. 


ILL.  OBTAINING.  DIGITAL-  DATA. : 

Egmumeat  and  Pcag.ca£ns  Needed 

mi  HP  54D111  Digitizing  Oscilloscope 

(Pi  TN 1 000  Tuner  and  Mixer 

(?.">  HP  9836  or  9826  personal  computer  'PC 

HP  -  IB  cables 

'  5 1  Signal  Source  (frequency  Generator  or  Antenna' 

(6)  Cabling  for  the  signal  source,  and  two  equal 

length  coax  cables  for  the  connection  from  the 
mixer  outputs  to  the  0-scope  inputs. 

( 7 '  a  -  120  VAC  outlets 
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(0)  HP  Basic  Boot  Disk  and  "NEWTN"  control  program. 
(O')  DS/DD  Data  Storage  Diskette(s) 


Set-  -up. 

Connect  All  Power  Cabling  Connect  HP -IB  to  Scope, 
Tuner,  and  PC  .  Connect  Signal  Source  to  Tuner  (RF  IN, 
not  REF  IN)  and  connect  channel  )  and  ?  on  the  scope  t 
the  tuner  outputs.  The  channels  on  the  tuner  are  I  and 
Q,  I  is  on  the  left  and  should  go  to  channel  1.  Insert 
the  Basic  boot  disk  and  power  up  all  components.  ‘NOTE 
There  are  two  power  switches  and  two  power  cables  on 
the  Tuner).  Insert  “NEWTN"  disk  and  ’LOAD  "NEwTN". 

Press  ’RUN’  on  the  PC  Press  ’REC’.  ’SETUP’,  and  'EXIT* 
to  initialize  the  scope. 

To  manually  set  the  tuner  center  frequency,  pres-^ 
'MODE'  then  'MAN  FREQ'  then  enter  the  frequency  in  mhi 
<5.5  GHz  =  5S00  ).  To  scan  a  range  of  frequencies, 
press  'MODE'  then  'BAND'  to  set  the  limits  of  the 
scanned  band.  Press  ’MODE’,  ’SCAN’  to  choose  step  _':'e 
and  start  the  scan.  You  should  use  a  manual  frequency 
setting  for  the  best  results  in  data  acquisition. 

Adjust  scope  sensitivity,  trigger  level,  and  time  ta  .e 
for  the  desired  display.  Auto  Scale  does.  (,ot  ilw<iyr 
give  the  best  possible  display  and  may  not  fmi  toe 
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■signal.  Note  that  the  display  is  only  a  small  portion 
of  the  acquired  waveform.  Adjust  the  parameters 
accord  i  ngty . 


Acquip  i.t-L.Q.Q_d  Qd._Star-a.qje— 

All  acquisition  is  done  from  the  'ftEC  mode.  In 
’REC’  mode,  local  control  of  the  scope  is  occasionally 
d. cabled.  Front  panel  'local'  control  of  the  scope  can 
be  regained  by  pressing  the  front  panel  "LOCAL"  butter, 
or  t>y  pressing  ’GO  LOCAL’  on  the  PC  -  In  'be  upper 
nqht  corner  of  the  scope  display  is  .1  Rem*. re  '’.or.  i 1 
status  indicator.  No  •nd'C.ation  means  the  r>  ont  panel 
controls  are  enabled.  “R"  or  "RL"  genera  11-  moan  t  >  , 
Ot'  to  go  to  local  control.  "RT”  means  the  scope  ■  s 
talk  wig  to  the  PC  .  You  are  hereby  warned  that  go-ng 
to  local  control  while  the  scope  is  talk  ng  to  "ue  P; 
will  r  e  s  i  *  1 1.  in  loss  c  f  data. 

Press  'DIGITIZE’  to  obtain  data.  ’DIGITIZE’  sets 
the-  scope  far  single  shot  acquisition  and  wn.s  the 
trigger.  When  the  trigger  is  activated,  the  scope 
di. -plays  the  captured  waveform  anq  als<*  stores  noth 
channels  n  the  waveform  memories.  You  may  p-~es  i 
’DIGITIZE’  as  many  times  a s  you  wish  t<-  capture  new 
j.it  i.  Note:  previous  data  is  lost  if  not  "TR  ansfe  R’  e-J 
to  the  m  .  Alsu;  new  data  s  not  displayed  until  the 
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scope  displays  "Stopped".  If  the  scope  displays 
"Awaiting  Trigger"  or  "Running",  the  waveform  memor.es 
have  not  been  updated. 

Press  'TRANSFER’  to  bring  the  contents  of  both 

waveform  memories  to  the  RAM  on  the  PC  It  takes 

approximately  2  min.  to  transfer  the  data.  Do  NOT  go 

to  local  mode  during  the  transfer  or  data  will  be  lost. 

"TRANS  DONE"  is  displayed  when  the  transfer  ;s  com¬ 
plete  . 

Once  the  data  is  in  RAM  on  the  PC  it-  may  he  listed 
on  the  screen.  Press  ‘LIST’  to  enter  list  mode. 

Press  KO  ('default  *  l’i  to  change  the  begming  point  ..  r 
the  list  and  K1  (default  ’8192’>  to  change  the  stopping 
point  of  the  list.  Press  ’LIST’  to  begin  the  output. 
Eighteen  lines  of  three  columns  are  displayed;  Channel 
I,  Channel  2,  and  Point  8.  Channels  !  and  2  are 
integers  between  0  and  256  <8  bit  digitisation.-.  0  is 
the  bottom  of  the  channel  display  and  256  is  the  top  of 
the  display  no  matter  what  settings  are  chosen  for  the 
offsets,  sensitivity,  and  timehase.  T  >  '-orbru'-  /-to 
another  18  lines,  press  ’CONT’.  To  abort  the  1  ■  s t ■  7':g , 
press  K9OA0ORT')  immertiatley  after  ON  T’ . 

RAM  Data  may  ae  stored  to  diskett  e  by  i o sort  r  g 
the  Data  Diskette  and  pressing  ’cTORF  Ag\  vum  are 
pr  amp  ted  for  a  filename.  The  scoring  tares  •.(•out  - 
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min.  The  scope  may  be  adjusted  <in  LOCAL  node)  during 
this  process.  Previously  stored  Data  on  Disk  can  be 
loaded  to  RAM  with  'LOAD'.  You  are  prompted  for  a 
filename.  The  RAM  data  can  be  sent  to  the  waveform 
memories  on  the  scope  with  the  ’PLOT’  command.  Mote: 
waveform  memory  is  displayed  by  separate  commands  from 
the  Channel  1  and  2  display  on  the  scope. 

The  ’REC'  mode  is  exited  by  pressing  ’OIT’  ana 
the  Tuner  program  is  exited  by  pressing  ’QUIT'. 


LY. .  COJOYERXIUG  AMD  JJIA^LSTXIUIIN.G  -GAJA 

LqjuimeaL  ial  Ecagnams  <SLeu.ae.a 

Cl)  HP  9836  PC 

(2)  HP  Basic  Boot  Disk  and  "NEWTN"  Drogram  D  sk. 

r 3 >  Terminal  Emulation  Software  c’boot:’  and  ’term:’ 
disks  ) 

<4>  1  -  120  VAC  outlet 

(51  RS-232  Cabling  for  connection  to  host  computer 

>6)  D  skette  with  binary  data  f  f  rom  "NEWTN'’  pr  sgram  > 
and  blank  formatted  d isk o' tc  >  f  c  r  ASCII  Jata 
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Caouec.tj.nj3_ 


Plug  in,  connect  up,  and  turn  everything  on. 
"NEWTN"  stores  data  in  three  files.  The  extensions 
'OAT',  'HED\  and  *P RE'  are  used  to  distinguish  between 
the  files..  ’PRE*  is  used  to  store  the  preamble  infor¬ 
mation  needed  by  the  scope  to  re -construct  the 
waveform.  ’HED’  is  used  to  store  the  information  needed 
to  align  and  locate  the  data  by  the  *CH‘  and  ’ISPx* 
software  on  the  VAX.  The  first  two  bytes  are  a  bmary 
integer  representing  the  center  frequency  of  the  tuner 
when  the  acqusition  was  made.  The  ne<t  two  L«nes  are 
ASCII  characters  containing  the  xinc,  xorg,  >ref,  vine, 
yorg,  and  y ref  data  for  both  channels  from  the  SAD'  '  ' 
scope.  'DAT1  contains  the  16384  data  points  stored  as 
2-nyte  words.  The  first  619c:  points  are  from  channel  i 
and  the  last  Q19C  points  are  from  channel  C. 

Qoot  the  Basic  System  on  the  HP9036.  ’LOAD  "DAr- 
CON"’  from  the  program  disk.  Remove  the  program  disk 
and  insert  the  binary  data  disk,  in  Drive  0  'right  hand 
ilr'veh  Insert  the  blank  disk  in  Drive  '.  Presv 
'RIJN'  and  enter  the  filename  (without  the  'DAT'  exten¬ 
sion'  of  the  binary  data.  "DATCON”  will  road  tie 
binary  information  on  Drive  O  and  write  it  in  ASCII 
format  on  Drive  1.  The  conversion  takes  approximately 
C.S  mm.  The  ASCII  data  normally  takes  up  iust  under 
half  n f  the  space  on  a  D S / D D  disk  so  tn-C  only  two 
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ASCII  files  may  be  recorded  per  diskette.  If  you  reus 
an  ASCII  disk,  'PURGE’  the  original  ASCII  files  before 
attempting  to  write  new  ones. 


TraQs£ecrJno_ 

Insert  the  'boot:'  disk  of  the  terminal  emulation 
software  in  drive  0  and  the  'term:'  disk  m  drive  !. 

Re -boot  the  system.  A  default  'enter'*  answer  the 
three  questions  is  sufficient  to  get  the  program  run¬ 
ning.  Press  ’enter’  to  bring  up  the  host,  computer 
prompt.  Log  in  and,  if  necessary,  s<-t  the  term i 
cha rac ter  ist  ics  on  the  UP  and  the  host  umpi.<t->r  to¬ 
rn  a  ten . 


Mo '-e  to  t 

h  e 

d  i  rector v  w h o r e 

you  w  -h  t.  1 

*■  r  r  «-a 

*  ■  ’ 

U  a  t  -a 

To  run 

the 

ISPX  software  <_. 

r.  the  data. 

-  f 

P’-d'.V 

•r  to  store 

the  data  <"  c  i~  the 

:  tt;i,  tel’'. 

I  t  >  u  .r  a  jan.d.ita2).  Prop  tre  the  host  :  '  mp  • :  - a?  ■  to 
ro  t  ievo  the  data.  On  a  UNIX  system  th .  •;  -s  -r  • 

:  •:  it  -r  ' a 

where  f  name  *  s  i.»«  ^ame  -*>f  the  f  -lo  wher-.  yu  w  ••  h  •  :i 
dat  to  be  stored.  On  -i  /MS  c-ys  tom  -.r.  o. 

$  Copy  SVC.:- INPUT  Uoriv 


Set  up  i  he  HP  to  tr  ir.smi  t  -he  \S' '  II  -dat. -a.  T-  i 
■1e  n-»  by  press  .r  g  KR  twice,  tliio-i  ’  f  tV.-.-rt 
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the  ASCII  data  disk  and  press  'Volumes’. 


A  list  of 


Volume  Names  (prefixes)  will  be  displayed.  Note  the 
prefix  for  the  data  disk  (probably  B9826:  or  89836:) 
and  press  any  key  to  return  to  the  file  transfer  menu. 

Enter  the  prefix  and  press  *P  re  fix’  TAB  down  to 
'File  to  Upload’,  enter  the  file  name  and  press 
’Upload’.  The  computer  should  display  the  file  as  it 
is  transmitted.  You  must  transfer  both  the  header  file 
(  ’HED’  >  and  the  data  file  (  ’DAT’  >  separately.  You 
should  name  the  files  fname.DAT  and  fname.HEO.  This 
will  take  10  min.  (or  more)  for  the  data  f  les  depend¬ 
ing  on  system  and  system  load. 

When  transfer  is  complete,  the  disk  drive  light 
will  no  longer  blink.  Terminate  the  input  for  the  host 
computer;  ''d  for  UNIX,  'Z  for  VMS.  Ee  sure  to  log  out 
before  shutting  off  the  equipment. 


V.  LLSING  XtiE  ISEX  E&CX.AGE-- 

Eacmalt-Lrug-  tiie_  d.a.t^_ 

The  data  should  be  saved  in  two  files  f  fname.CAT 
and  fname.HED  >  in  the  directory  [tou  i  .r  a  jan.da  t  a  2  J  ,>n 
the  rwi  VAX.  Since  the  ISPx  software  handles  at  most 
512  points  at  a  time,  the  data  must  be  broken  into 
chunks  before  it  may  be  used.  Another  consideration  is 
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that  the  two  channels  may  not  be  aligned  in  time  or  the 
channel  offsets  on  the  scope  may  not  have  been  equal. 
The  program  CH.FOR  takes  care  of  these  problems.  Enter 
"RUN  CH.EXE"  to  run  the  program.  CH  will  prompt  you 
for  an  input  filename;  enter  the  filename,  do  not 
include  the  extension.  The  program  automatically  adds 
the  proper  extension  for  the  file  it  needs.  (.DAT  or 
■  HED)  CH  will  then  ask  you  for  an  output  filename.  If 
you  enter  "FOO",  it  will  store  the  data,  m  the  proper 
format,  in  the  directory  ttsui  .rajanl,  as  T  OO.DA  T'', 

Ch  will  then  prompt  "REAL  or  COMPLEX".  Normally,  you 
will  use  complex  since  this  gets  both  the  I  and  the  0 
channels.  If  you  just  want  the  I  channel,  select  REAL. 

Ch  then  reads  the  header  file,  writes  a  statement,  tel¬ 
ling  you  how  to  convert  the  periodogram  into  actual 
frequencies  and  then  reads  the  data.  You  will  need 
this  information  later.  CM  checks  the  alignment  of  the 
data  in  the  t ime  domain  and  adjusts  the  two  channels  so 
they  line  up  properly.  You  are  then  prompted  with  the 
current  starting  point  and  length.  You  may  change  true 
by  entering  any  number  but  l.  You  will  then  ot 
prompted  for  a  starting  point  and  length.  fou  may  list 
the  data  and  if  it  is  not  acceptable,  go  back  and 
Choose  another  starting  point  and  length. 

Once  you  have  the  desired  chunk  of  data,  you  ma,- 
save  >t  in  a  number  of  formats.  If  you  ...hoc  sa  to  rave 
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the  data  as  fractional  counts,  CH  will  divide  each  3 
bit  data  point  by  256  to  obtain  a  number  between  0  and 
1.  There  will  be  no  negative  numbers  in  this  data. 
Normally,  0  volts  corresponds  to  120  counts  or  .50000 
fractional  counts.  This  method  will  leave  a  large  DC  . 
component  in  the  spectrum  of  the  signal  unless  it  is 
taken  into  account  by  ISPX.  The  other  format  is  m 
actual  voltage  levels.  CH  uses  the  header  information 
to  determine  the  voltage  levels  and  offsets  (which  can 
be  ignored)  to  output  the  actual  voltage  level  at  the 
input  of  the  scope.  One  consideration  while  using  this 
method  is  that  the  data  is  saved  in  a  F  10.7  format  ana 
small  voltages  may  lose  some  of  then  accuracy. 


Buncuxig.  tJxec  urn  proved  5oi.t.w.aE.e._ 

First  set  the  default  directory  to  lt5iji.raj.in). 

Your  data  files  (output  from  CHi  should  be  automati¬ 
cally  stored  m  this  directory.  Type  "run  work".  The 
ISPx  software  will  load  and  prompt  you  for  a  terminal 
type.  You  may  load  your  data  files  by  usir.q  the  ‘file 
I/O’  menu  choice.  Most  of  the  improvements  in  the  1ST  x 
software  are  in  the  vector  manipulation  menu  choice. 
This  is  a  new  menu  item  not  found  in  previous  editions 
of  ISPX.  The  choices  under  this  category  include  vec¬ 
tor  addition,  multiplication,  inner  product,  shifting, 
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reversal,  convolution,  scaling,  conjugation,  and  many 
other  useful  manipulations. 

There  are  several  methods  available  for  computing 
the  PSD  of  a  data  sequence.  The  choices  under  ’cB>  PSD 
Method'  are  Fourier,  ARMA,  Adaptive,  and  Prony.  The 
Fourier  methods  and  the  ARMA  methods  seem  to  work  veil 
The  Adaptive  and  Prony  methods  are  not  complete  as  of 
this  writing. 

After  using  one  of  the  methods  to  compute  a  spec¬ 
tral  estimate,  you  can  use  the  'find  peaks’  menu  choice 
under  vector  manipulations  to  find  the  relative  fre¬ 
quency  of  the  spectral  peaks.  The  relative  frequency 
will  be  a  fraction,  between  -.5  arid  .5  .  To  Jet erm>r>e 
the  actual  frequency  of  the  signal  at  the  peak,  you 
must  recall  the  information  given  by  the  CH  program. 

You  must  multiply  the  relative  frequency  0/  the  sam¬ 
pling  frequency  (  1/sample  interval)  and  then  subtract 
from  the  center  frequency  of  the  tuner.  Note  that 
this  means  negative  relative  frequencies  are  above  tne 
tuner  center  frequency  and  that  positive  relative  fre¬ 
quencies  are  below  the  tuner  center  frequency.  the 
’find  peaks'  software  includes  the  ability  to  search 
for  a  peak  between  two  points,  or  m  each  of  several 
sections  of  the  data.  You  may  specify  the  threshold 
for  peaks  in  absolute  values  or  in  percentage  of  the 
maximum.  The  software  will  also  output  a  line 
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spectrum,  with  a  line  at  eacn  detected  peak.  The  ’peak 
of  peaks'  choice  is  still  in  the  developmental  stage. 

Its  function  is  to  find  all  of  the  peaks,  and  by  using 
the  width  and  height  of  the  peaks,  determine  the  most 
prominent  peak  of  all  the  peaks. 


VL.  S£CDM£JSU1^IXQNS 

Cl;  The  "NEWTN"  program  should  be  expanded  to  include 
the  data  conversion  program  "DATCON".  Although 
this  will  restrict  "NEWTN"  to  be  run  only  on  the 
HP  9836  PC.  it  will  reduce  the  time  consuming  data 
conversion  process. 

(2)  The  "NEWTN"  program  should  also  be  expanded  to 

include  the  functions  of  the  "CH"  program  Cin  FOR¬ 
TRAN  on  EW 1 ) .  Since  only  a  small  portion  of  the 
8192  points  are  used  by  the  ISPx  software,  there 
is  no  reason  to  store  and  transmit  all  CI92 
pomts.  This  will  greatly  reduce  the  time 
required  for  transmission  of  the  data,  and  will 
allow  more  data  sets  to  fce  stored  on  the  same 
diskette. 


3>  The  'peak  of  peaks’  routine  should  be  completed 
and  tested.  It  seems  to  be  a  viable  method  fur 
detecting  true  peaks  in  a  spectrum. 


43-16 


c 4 )  The  adaptive  method  and  Prony'c,  method  for  spec 
tral  estimation  on  the  ISPX  software  do  not  work. 
These  methods  may  be  the  best  spectral  estimators 
for  certain  classes  of  data.  The  programs  should 
be  checked  and  put  into  working  condition. 
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ABSTRACT 


A  study  was  undertaken  to  develop  a  plan  for  the  characterization  of  atmospheric  turbulence  to 
support  infrared  sensor  and  laser  beam  propagation  research  at  Wright -Patterson  Air  Force  Base. 
To  accomplish  this  assignment,  I:  surveyed  the  topography  and  physical  environment  of  the  AFUAL 
test  range  in  Area  nB";  visited  the  NOAA  Wave  Propagation  Laboratory  in  Boulder,  Colorado,  and 
the  Georgia  Tech  Research  Institute  at  Georgia  Tech,  Atlanta,  Georgia;  and  uirote  three  proposals 
to  monitor  atmospheric  turbulence. 

The  facility  proposed  in  this  report  is  designed  to  monitor  turbulence  during  routine  testing 
and  special  experiments.  This  facility  is  expected  to  provide  information  on  the  benavior  of  the 
refractivity  structure  parameter  along  a  slant-path  propagation  range  and  at  a  well -characterized 
horizontal  propagation  range  on  Wright  Field. 
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I.  INTRODUCTION 


Seeing  along  a  slant  path  through  the  atmosphere  is  a  function  of  the  integral  of  the 
atmospheric  turbulence  refractivity  structure  parameter,  CN2  (Lutomirski,  1978;  Walters,  1981), 
and  other  scattering  and  absorption  effects.  Aside  from  diffraction  effects,  the  ability  to 
resolve  an  image  is  limited  by  the  degree  of  defocus ing  induced  by  the  medium  separating  the 
image  and  detector.  When  the  medium  is  the  atmosphere,  such  factors  as  aerosol  concentration, 
gas  molecules,  turbulence,  and  others  all  work  together  to  influence  the  propagation  of 
electromagnetic  (EM)  energy.  My  concern  is  with  the  effect  of  atmospheric  turbulence  on  the 
ability  to  see  a  target. 

The  Electro-Optics  Sensor  Evaluation/ Analysis  Group  (AARI)  of  the  Avionics  Laboratory  of  Air 
Force  tilright  Aeronautical  Laboratories  (AFUIAL)  at  Wright-Patterson  Air  Force  Base  (UIPAFB)  is 
concerned  with  the  potential  impact  that  atmospheric  turbulence  will  have  on  laser  imaging  and 
other  future  electro-optical  systems  that  will  require  evaluation.  The  Laser  Hardened  Materials 
Technical  Area  (MLPJ)  of  the  Materials  Laboratory  at  UPAFB  is  interested  in  understanding  the 
effects  of  atmospheric  turbulence  on  its  propagating  laser  beams.  The  Communications  Technology 
Group  (AAAI)  of  the  Avionics  Laboratory  at  liPAFB  needs  to  know  the  effect  of  scintillation  an 
optical  communications  links.  These  diverse  interests  could  be  addressed  by  establishing  a 
facility  to  quantify  and  monitor  the  degradation  of  electro-optical  systems  by  atmospheric 
turbulence.  Such  a  facility  would  be  capable  of  deriving  predictive  relationships  from  measured 
data,  but  would  also  be  flexible  enough  to  perform  routine  monitoring  during  tests. 

The  basis  for  my  assignment  to  AARI  was  to  sketch  out  the  preliminary  design  for  a  facility  to 
characterize  atmospheric  turbulence  to  support  sensor  and  other  research  at  UPAFB.  My  background 
includes  experience  in  remote  sensing  of  the  solid  earth,  studies  of  millimeter  wave  propagation 
through  the  atmosphere,  the  spectral  analysis  of  nuclear  radiations,  and  data  processing.  I  am 
currently  acquiring  the  components  to  build  an  acoustical  imaging  Doppler  interferometer  for  a 
doctoral  thesis.  The  millimeter  wave  experience  and  my  interest  in  the  turbulent  scattering  of 
acoustic  energy  contributed  to  my  assignment  to  AARI. 


II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 


Currently,  there  is  no  atmospheric  turbulence  monitoring  facility  in  the  Department  of  Defense 
capable  of  fully  documenting  variations  in  CN2  along  a  slant  beam  path.  Additionally,  only 
limited  results  are  available  for  the  variability  of  CN2  in  the  vertical;  e.g.,  CM2  is 
proportional  to  the  minus  A/3  power  of  height  during  the  daytime  (Shapiro  et  al.,  1981).  No 
predictive  models  exist  for  the  horizontal  variation  of  CN2  during  nonneutral  conditions,  whereas 
the  assumption  for  propagation  along  a  horizontal  path  under  neutral  conditions  is  CN2  constant. 
Thus,  a  facility  such  as  the  AFWAL  Turbulence  Monitoring  Site  (ATMS)  proposed  here  would  be  of 
research  as  well  as  operational  value. 

My  assignment  as  a  participant  in  the  1988  Graduate  Student  Research  Program  was  to  develop  a 
plan  for  the  characterization  of  atmospheric  turbulence  to  support  sensor  and  other  research  at 
UIPAFB.  To  accomplish  this  assignment,  I  was  to  survey  the  topography  and  physical  environment  of 
Area  "B".  Facilities  and  instrumentation  at  AARI  had  to  be  checked.  Meetings  were  to  be 
arranged  with  potential  users  of  atmospheric  turbulence  information  at  UPAFB  to  define  their 
needs.  Visits  to  the  Uave  Propagation  Laboratory  (UPL)  of  the  National  Oceanic  and  Atmospheric 
Administration  (NOAA)  Environmental  Research  Laboratories  and  Georgia  Tech  were  planned  for 
consultation  with  turbulence  experts.  If  available,  instrumentation  was  to  be  borrowed  from 
government  laboratories  for  simmer  use  and  anticipated  follow-on  research.  Finally,  I  was  to  use 
this  equipment  to  acquire  and  analyze  turbulence  data  concurrent  with  my  other  activities. 
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III.  SURVEY  OF  TOPOGRAPHY  AND  PHYSICAL  ENVIRONMENT  ON  AFlilAL  TEST  RANGE 


To  survey  the  topography  of  the  AFlilAL  test  range,  I  requested  a  recent  map  of  Area  "B"  from  the 
Environmental  Planning  group  of  civil  engineers  in  Area  "C".  I  then  walked  various  sections  of 
the  beam  path  and  observed  the  remainder  by  automooile.  I  walked  and  photographed  large  segments 
of  the  target  area  on  liirignt  Field.  1  concluded  that  the  slant  beam  path  can  be  instrumented 
with  a  row  of  micrometeorological  (micromet)  towers  and  that  the  target  area  on  Wright  Field  is 
sufficiently  level  for  propagation  experiments  at  constant  altitude  over  distances  on  the  order 
of  1  km. 

I  used  a  tileathermeasure  Model  9297  surveying  compass  and  the  services  of  an  airman  to  determine 
the  effective  heignt  of  representative  trees  in  a  loose  shelterbeit  along  the  southern  ooundary 
of  Wright  Field.  At  Site  SI  a  tall  tree  was  found  to  be  10  m  and  an  average  tree  6  m.  These 
trees  were  located  10-11  m  south  of  the  fence  along  the  southern  boundary.  At  Site  S2  a  tall 
tree  measured  21  meters  and  was  Located  57  m  south  of  the  fence  along  the  southern  boundary;  an 
average  tree  measured  12  m  and  was  located  10  m  south  of  the  fence  along  the  southern  boundary. 
I  do  not  consider  the  tall  tree  at  Site  S2  to  be  part  of  the  shelterbeit  because  of  its  distance 
from  the  southern  boundary  and  its  separation  from  the  shelterbeit  by  a  highway.  From  these 
measurements,  I  conclude  that  the  average  height  of  the  shelterbeit  ranges  from  6  to  12  m;  I  will 
take  12  m  to  be  a  conservative  estimate  for  calculation  of  the  recirculation  region.  Both  Sites 
SI  and  S2  were  located  13  m  north  of  the  fence  along  the  southern  boundary. 

I  measured  the  height  of  grass  on  Wright  Field  to  be  between  15  and  30  cm.  Plate  (1971)  shows 
that  this  situation  corresponds  to  an  aerodynamic  roughness  length  of  3-4  cm. 


IV.  REVIEW  OF  FACILITIES  ANO  INSTRUMENTATION  AT  AARI 


A  tour  of  the  machine  shop  and  electro-optical  laboratories  showed  them  to  be  well-equipped  and 
adequate  for  constructing  optical  turbulence  measurement  devices.  Items  that  could  be  put  to 
immediate  use  include  a  Spectra  Physics  123  He-Ne  laser  (1 23-1867)  and  five  SDC  detector /preamp 
(SO  ICQ-41-11-231 )  units.  The  Meteorological  Measurement  and  Control  Package  (MMAC  PAC)  should 
be  adequate  to  provide  rough  estimates  of  some  turbulence  parameters. 


V.  MEETINGS  WITH  POTENTIAL  USERS  OF  ATMOSPHERIC  TURBULENCE  INFORMATION 


I  organized  three  2-hour  meetings  with  rsoresentatives  of  MLPJ,  AAAI,  AARI,  and  AAWP  (Passive 
Electronic  Countermeasures  Brancn)  to  determine  whether  their  organizations  have  a  need  for 
measurements  on  atmospheric  turbulence. 

I  presentee  a  2-hour  seminar  entitled  "An  Introduction  to  Atmospheric  Turbulence”  to 
representatives  of  MLPJ  and  AAAI.  The  audience  was  comoosed  of  engineers  and  physicists  who 
believe  that  atmospheric  turbulence  degrades  the  performanca  of  their  laser  technology.  The 
definitions  of  CN2  and  the  inertial  subrange  of  turbulence  were  developed.  At  the  end  of  the 
seminar  I  passed  out  a  "Survey  on  the  Neeo  for  Turbulence  Information"  to  selected  members  of  the 
audience.  Results  of  the  survey  suggested  that  atmospheric  turbulence  is  presently  degrading  the 
performance  of  laser-hardening  devices,  modified  electro-optic  sensors,  and  optical 
communications  links  at  AFUAL.  The  surveys  expressed  the  need  for  a  turbulence  measurement 
facility  on  the  AFWAL  test  range  at  Wrighc  Field. 

I  arranged  for  representatives  of  AARI,  AAAI,  MLPJ,  and  Georgia  Tech  to  attend  a  30-minute 
presentation  of  my  proposals  for  ATMS  and  follow-on  research.  The  results  of  this  meeting  are 
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financial  support  for  a  fellow  graduate  student  at  Georgia  Tech,  a  newly-established  link  between 
Georgia  Tech  and  MLPJ,  and  a  possible  source  for  follow-on  research  s  to  port  for  myself. 

VI.  RESULTS  OF  VISITS  TO  NOAA/WPL  A NO  GEORGIA  TECH 


I  visited  NGAA/UPL  during  the  final  week  in  July.  During  that  visit  I  received  guidance  on  how 
to  select  instrumentation  to  measure  turbulence  parameters,  how  to  incorporate  this 
instrunentation  into  a  measurement  program,  and  how  to  acquire  and  analyze  the  data  taken  by  this 
program.  I  toured  a  UIPL  atmospheric  acoustics  laboratory,  the  Table  fountain  Research  Facility, 
and  the  Boulder  Atmospheric  Observatory. 

Three  visits  to  Georgia  Tech  provided  overall  direction  for  the  research  component  of  ATMS. 
The  researchers  at  Georgia  Tech  discussed  the  present  state  of  knowledge  about  the  prediction  of 
the  properties  of  turbulence  in  the  surface  boundary  layer  (SSL).  They  stressed  that  information 
on  electro-optical  degradation  by  turbulence  is  useless  to  the  battlefield  commander  if  he  is 
unable  to  anticipate  its  effect  on  his  systems.  He  requires  the  ability  to  gather  reliable 
information  which  will  inform  him  of  systems  performance  not  at  the  time  of  measurement,  but  at 
the  time  of  deployment.  Sections  II  and  VII  discuss  present  capabilities  for  doing  this. 
Sections  VIII,  IX,  and  X  are  the  results  of  the  visits  to  NOAA/UPL  and  Georgia  Tech. 

VII.  PRESENT  STATE  OF  KNOWLEDGE  REGARDING  CN2  IN  THE  SURFACE  BOUNDARY  LAYER 


The  meteorological  literature  contains  references  to  work  that  has  been  done  in  an  attempt  to 
predict  CN2  by  using  measurements  of  averaged  micromet  parameters.  During  my  10-week  assignment 
I  was  able  to  review  four  such  references.  Tatarskii  (1S61)  demonstrates  how  CT2  (the 
temperature  structure  parameter  for  turbulence)  can  be  determined  from  measurement  of  the  mean 
temperature  at  two  heights  by  using  either  an  aquation,  for  the  case  of  unstable  stratification, 
or  a  figure,  for  the  case  of  stable  stratification.  'Jyngaard  at  al.  (1971)  describe  an  indirect 
method  of  determining  CN2  by  measuring  mean  values  of  the  lapse  rate  of  temperature  and  of  the 
vertical  gradient  of  the  horizontal  component  of  the  mean  wind.  The  gradient  Richardson  number 
(Ri)  can  be  calculated  from  these  parameters  ana  from  a  knowlsoge  of  the  mean  temperature  at  the 
level  of  interest.  CT2  can  be  found  in  a  taole  onca  Ri  is  known.  A  simple  relation  can  then  be 
used  to  convert  CT2  to  CN2  when  the  mean  pressure  is  measured.  Kaimal  (1973)  derives  a 
relationship  for  CT2  in  the  surface  layer  which  is  based  on  Ri,  sensor  height,  and  the  variance 
of  potential  temperature.  This  relationship  is  for  a  stably  stratified  surface  layer.  Kohsiek 
(1988)  discusses  a  method  of  determining  C‘J2  under  convective  conditions  by  measuring  turbulent 
fluxes  at  5  Hz  with  dry  and  wet  bulb  thermocouples  and  fast  rssoonse  anemometers  mounted  at  six 
levels  of  a  meteorological  mast. 

There  are  numerous  problems  with  all  of  these  methods  of  deriving  CN2  from  low  frequency  data. 
Simple  logarithmic  relationships  and  gradient  transfer  theories  assume  the  restrictive  case  of 
neutral  stability.  Such  stability  conditions  occur  for  only  a  few  minutes  diumally  near  sunrise 
and  sunset  (Walters  and  Kunkel,  1981),  thereby  limiting  the  applicability  of  these  theories. 
Other  assumptions  are  seldom  satisfied  for  battlefield  operations:  stationary  conditions, 
homogeneous  turbulence,  and  flat,  nonsioping  terrain  which  is  removed  from  obstacles  to  the  wind 
flow  (Biltoft,  1985).  The  advectian  of  microscale  convective  plumes  across  an  isolated 
measurement  point  imposes  a  requirement  for  long  averaging  times.  However,  long  averaging  times 
can  filter  out  rapidly  changing  events. 

The  presence  of  convective  plumes  can  cause  CT2  to  vary  over  two  orders  of  magnitude  in  just  a 
few  seconds;  CT2  is  larger  within  the  plume.  A  high  density  of  plumes  therefore  represents  a 
worst-case  situation  for  E!’)  wave  propagation,  while  their  absence  combined  with  near-neutral 


stability  represents  a  best-case  scenario.  Herein  lies  the  need  for  an  appropriately-equipped 
turbulence  monitoring  site  at  a  wave  propagation  test  range  which  possesses  a  sloping  beam  path. 
The  structure  of  the  SBL  under  unstable  (plume  generating)  conditions  is  not  well  understood, 
although  the  SBL  is  the  most  intensely  studied  region  of  the  atmosphere.  It  is  my  belief  that 
progress  has  been  impeded  by  the  absence  of  detailed  information  on  the  structure  of  convective 
plumes  in  the  SSL.  The  following  three  sections  detail  a  plan  to  instrument  Wright  Field  with 
the  best  equipment  available  to  allow  characterization  of  plume  structure,  spatial  and  temporal 
distribution,  intensity,  and  effect  on  EM  wave  propagation  in  the  SBL. 


Mil.  PROPOSAL  TO  MONITOR  ATMOSPHERIC  TURBULENCE  ALONG  THE  BEAM  PATH  (TMA8) 


Atmospheric  turbulence  is  expected  to  vary  along  a  slant  beam  path  in  both  the  horizontal  and 
vertical  directions.  This  anisotropy  has  been  addressed  in  the  mean  (i.e. ,  for  long  averaging 
times)  by  assuming  a  constant  CN2  along  a  constant -altitude,  although  sloping,  path.  Real  beam 
paths,  such  as  that  at  UPAFB,  are  not  constant-altitude  and  do  not  traverse  homogeneous  terrain. 
Therefore  the  assumption  of  a  constant  CN2  in  the  mean  is  not  valid. 

TMA8  is  designed  to  monitor  spatial  and  temporal  variations  in  CN2  along  a  real  slant  beam 
path.  It  will  initially  be  outfitted  with  the  fallowing  components: 

A.  22  tower-mounted  Atmospheric  Instrumentation  Research,  Inc.  (A.I.R.)  CT-1A-T  Temperature 
Structure  Function  Sensors. 

B.  1  Radian  Corporation  (Radian)  Echosande  PS/2  single-axis  sodar  system  located  140  m  west  of 
the  nominal  sensor  location  in  Building  620. 

C.  1  Radian  Echosande  PS/2  three-axis  sodar  system  located  near  the  Environmental  Monitoring 
and  Control  System  (EM ACS)  an  the  AFUAL  test  range  at  Wright  Field. 

D.  2  Ochs  Optical  Systems  Modal  IV  path-averaged  CN2/wind  sensor  systems. 

TMAB  will  provide  22  paint  determinations  of  CT2  at  100-meter  intervals  along  the  beam  path. 
Sampling  will  occur  at  10  m  above  ground  level  except  over  a  wooded  area,  where  data  will  be 
taken  at  5  m  above  the  canopy.  Since  the  characteristic  dimension  of  a  convective  plume  in  the 
SBL  is  100  m  and  its  horizontal  lifetime  is  hundreds  to  thousands  of  meters  (personal 
communication  with  J.  C.  Kaimai  and  J.  E.  Gaynor  of  WPL),  this  arrangement  should  be  appropriate 
for  the  detection  of  convective  plumes  in  the  SBL.  The  towers  can  be  as  sophisticated  as 
reinforced  steel  structures  with  guy  wires,  or  as  simple  as  10-meter  telephone  poles.  Data 
transmission  can  be  accomplished  via  either  shielded  cable  or  telemetry.  The  CT-1A-T  is  a  pair 
of  Kaimai -Ochs  12-micron  platinum  wire  probes  which  provide  values  of  CT2  averaged  over  20 
seconds.  The  normal  probe  separation  is  one  meter,  but  can  be  any  value  within  the  inertial 
subrange  (see  Section  IX).  Clifford  et  al.  (1971)  used  a  separation  of  40  cm  to  estimate  CN2  at 
a  height  above  the  ground  of  1.5  m.  A  potentially  more  economical  alternative  to  the  CT-1A-T 
would  be  to  send  AARI  personnel  to  WPL  (contact  G.  R.  Ochs)  for  training  in  the  construction  of 
fine-wire  temperature  sensors  (Lawrence  et  al.,  1970). 

The  primary  purpose  for  the  Radian  Echosonde  PS/2  sodar  systems  is  to  determine  average  values 
for  CT2  in  20  vertical  range  gates.  Parameters  of  secondary  importance  to  be  measured  by  the 
single-axis  sodar  are  vertical  Doppler  wind  vectors  and  their  variances  (sigma)  in  20  range 
gates.  Secondary  parameters  to  be  measured  by  the  three-axis  sodar  include  vertical  and 
horizontal  Doppler  wind  vectors,  vertical  and  horizontal  sigmas,  and  horizontal  wind  components 
in  20  range  gates.  The  gated  CT2  averages  will  provide  turbulence  profiles  in  the  vertical  at 
point  locations  near  the  sensor  platform  in  Building  620  and  at  the  target  site  near  EMACS.  The 
sodars,  when  used  in  conjunction  with  the  22  point  CT2  sensors,  will  determine  if  CT2 
interpolations  and  correlations  are  possible  along  the  9lant  beam  path.  The  Doppler  velocities 
will  provide  information  on  vertical  motions  of  air  masses,  the  wind  shear  profile  at  the  target 
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sits,  and  horizontal  mean  winds.  A  potentially  (no re  economical  alternative  to  the  Radian 
£chosonde  PS/2  sodar  systems  would  be  to  contract  111.  0.  Neff  at  MPL  to  build  equivalent  or 
superior  systems. 

The  Ochs  Optical  Systems  ftodel  IV  path-averaged  CN2/uind  sensor  system  consists  of  a  separate 
optical  transmitter  and  optical  receiver  (Ochs  and  Cartwright,  1985).  The  system  measures  path- 
averaged  values  of  CM2  and  crosswind  over  optical  paths  from  200  to  1500  m,  with  a  path  averaging 
interval  which  can  be  set  to  1,  10,  or  100  seconds.  The  CN2  and  crosswind  measurements  are 
weighted  most  heavily  along  the  middle  1/3  of  the  optical  path,  thereby  avoiding  the  strongest 
effects  of  optical  turbulence  which  are  produced  near  the  transmitting  aperture  (Clifford  and 
Lading,  1983;  Clifford,  1978).  The  system  uses  a  0.94  micron  (infrared)  light-emitting  diode 
(LED)  at  the  focus  of  a  15-cm  diameter  concave  mirror.  This  extended  light  source  is  incoherent, 
safe  for  the  human  eye,  and  resists  the  saturation  of  scintillations  cocnnonly  found  with  laser 
scintillometers  (Wang  et  al.,  1978). 

There  is  no  better  alternative  to  the  ftodel  IV  for  measuring  CN2  directly.  All  coherent 
scintillometer  systems  saturate  with  increasing  path  length  or  CN2  (Clifford,  1978).  When  the 
variance  of  the  log-amplitude  fluctuations  (ex2)  exceeds  about  0.3,  a  plot  of  ex2  versus  path 
length  (or  CN2)  initially  increases,  then  levels  off  and  eventually  decreases.  This  is  the 
saturation  phenomenon.  Strohbehn  (1978)  explains  it  as  follows.  When  the  lateral  coherence 
length  is  longer  than  the  width  of  a  Fresnel  zone  (i.e.,  the  coherent  scattering  case),  the 
scintillations  are  dominated  by  turbulent  eddies  with  scale  sizes  of  about  the  same  dimension  as 
a  Fresnel  zone.  No  saturation  is  expected  for  this  situation.  However,  when  the  lateral 
coherence  length  is  shorter  than  the  width  of  a  Fresnel  zone,  the  scintillations  are  independent 
of  CN2  and  the  path  length,  and  the  ex2  curve  flattens.  The  scintillations  are  then  dominated  by 
eddies  of  about  the  same  size  as  the  lateral  coherence  length. 

Since  the  ftodel  TV  is  range-limited  to  1.5  km  and  the  optimun  path  length  is  900  to  1200  m,  one 
ftodel  IV  transmitter  will  be  located  on  the  sensor  platform  in  Building  620.  The  optical  path 
will  be  along  a  line  from  the  sensor  platform  to  EftACS.  I  propose  to  locate  the  receiver  far 
this  transmitter  an  the  roof  of  Hangar  4  away  from  any  heat  source.  It  should  be  mounted  on  a 
solid  platform,  such  as  cement,  bricks,  or  a  steel  structure,  to  minimize  vibration;  spurious 
vibrations  would  interfere  with  the  minute  turbulence-induced  fluctuations  in  the  received 
intensity.  The  other  transmitter  will  be  located  at  EfIACS,  and  its  receiver  mounted  adjacent  to 
the  first  on  the  roof  of  Hangar  4.  The  path  length  for  the  first  ftodel  IV  is  1  km,  while  that 
for  the  second  is  about  1 .3  km. 

A  subsequent  addition  to  each  of  the  22  towers  is  a  TSI,  Inc.,  ftodel  1755  constant-temperature 
anemometer  with  a  ftodel  1210-T1.5  cros3-flow  (for  vertical  mounting)  tungsten  hot-wire  general 
purpose  probe.  This  anemometer  (which  is  known  as  a  hot-wire  anemometer)  will  provide  useful 
information  on  spatial  variations  in  the  energy  spectrum  of  turbulence.  An  alternative  to  both 
the  CT-1A-T  and  TSI  ftodel  1755  is  an  Applied  Technologies,  Inc.,  sonic  anemometer/thermometer. 
This  is  a  10-Hz  sensor  which  will  probably  outperform  the  wire  sensors,  although  it  requires  a 
greater  capital  outlay. 

A  final  recommended  sensor  package  to  supplement  components  A-0  above  is  an  A.I.R.  Advanced 
Tethersonde  System  AIR-3A-1R.  This  system  can  be  used  to  verify  meteorological  conditions  at  any 
point  along  the  beam  path  at  any  altitude  of  interest. 


IX.  PROPOSAL  TO  MONITOR  ATMOSPHERIC  TURBULENCE  ON  AFWAL  TEST  RANGE  AT  WRIGHT  FIELD  (WFTT) 


The  Wright  Field  Tower  Triangle  (WFTT)  will  be  the  primary  component  of  a  wave  propagation  test 
site  located  on  Wright  Field.  The  purpose  of  WFTT  is  two- folds  to  fully  docunent  the  target  end 
of  the  beam  path  during  testing  of  sensors  located  in  8uilding  620,  and  to  acquire  turbulence 
data  which  are  expected  to  allow  a  predictive  model  for  the  spatial  and  temporal  variation  of 
CN2.  The  model  is  intended  to  provide  values  of  CN2  from  the  measurement  of  gross  meteorological 
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parameters  (e.g. ,  horizontal  wind  speed).  Additional  tests  involving  horizontal  beam  paths  up  to 
1.5  km  in  length  will  traverse  the  triangle •  with  supplemental  sampling  at  various  distances  from 
it. 

I  recommend  the  following  components  for  hFTT: 

A.  1  Ochs  inner  scale  device. 

8.  5  A.I.R.  CT-1A-T  sensors  for  determination  of  turbulence  outer  scale. 

C.  3  meteorological  towers  (tower  triangle)  instrunented  at  2,  5.  and  10  meters. 

i.  Instrumentation  on  each  tower  at  2  meters  (mounted  on  rotating  boom). 

a.  1  A.I.R.  Lyman-Alpha  Hygrometer  AIR-LA-1. 

b.  1  Ophir  IR-1100  Optical  Hygrometer. 

c.  1  TSI  model  1755  constant-temperature  anemometer  with  Model  1210-T1.5  cross-flow 
probe. 

d.  1  fine-wire  temperature  sensor  located  in  gap  of  Lyman-Alpha  hygrometer. 

e.  1  wind  vane/ anemometer  (e.g.,  R.  If.  Young  Propvane  Model  35003  or  8002). 

ii.  Instrumentation  on  each  tower  at  5  meters. 

a.  1  Applied  Technologies  SUS-211/35  sonic  anemometer/ thermometer. 

b.  1  Ophir  IR-1100  Optical  Hygrometer. 

c.  1  Ochs  Optical  System  Model  IV  path-averaged  DC/wind  sensor. 

d.  1  12-micron  fine-wire  temperature  sensor  located  at  2  cm  from  sonic  anemometer  path. 

iii.  Instrumentation  on  each  tower  at  10  meters. 

a.  1  Applied  Technologies  SUS— 21 1 /3S  sonic  anemometer/ thermometer. 

b.  1  Ophir  IR-1100  Optical  Hygrometer. 

c.  1  12-micron  fine-wire  temperature  sensor  located  at  2  cm  from  sonic  anemometer  path. 

0.  Meteorological  instrumentation  either  centered  in  tower  triangle  or  incorporated  into  EMACS. 

i.  1  Radian  Echosonde  PS/2  three-axis  sodar  system. 

ii.  1  A.I.R.  Intellisensor  digital  barometer  AIR-0B-2A. 

iii.  Standard  EMACS  pyranameters,  pyr geometer,  and  pyrradiometer. 

E.  2  Ochs  path-averaged  CN2  profilers. 

F.  1  Ochs  Optical  System  Model  IV  path-averaged  CN2/wind  sensor. 

G.  Several  A.I.R.  CT-1A-T  sensors  for  point  measurements  of  CT2. 

The  triangle  configuration  of  micromet  towers  was  chosen  to  provide  the  capability  for  three- 
dimensional  modeling.  The  goal  is  to  predict  CN2  from  horizontal  (one-dimensional)  variations 
in  wind  speed.  A  one-dimensional  measurement  of  the  horizontal  wind  field  would  thus  allow  the 
prediction  of  the  three-dimensional  turbulence  spectrun.  The  three-dimensional  spectrum  will 
give  an  estimate  of  how  the  one-dimensional  spectrun  varies  across  the  battlefield. 

Components  A  and  8  are  needed  to  provide  definitive  values  for  the  inner  and  outer  scales  of 
turbulence.  These  scales  demarcate  the  inertial  subrange  of  the  turbulence  spectrun;  i.e.,  the 
range  for  which  the  structure  function  of  temperature  is  proportional  to  the  2/3  power  of  scale 
size.  Hacking  (1985)  remarks  that  the  inner  scale  defines  the  approximate  transition  between  the 
inertial  and  viscous  ranges  of  turbulence,  while  the  outer  scale  corresponds  to  the  largest  scale 
size  for  which  turbulence  nay  be  considered  to  be  isotropic  (Clifford,  1978).  According  to  Hill 
and  Clifford  (1978),  the  ratio  of  the  inner  scale  to  the  Kolmogorov  microscale  is  7.4  for  air. 
For  a  value  of  the  Kolmogorov  microscale  equal  to  0.2  an  (Mandock,  1986),  the  inner  scale  is 

found  to  be  on  the  order  of  1  cm.  Tatarskii  (1971)  gives  the  relationship  between  the  height,  z, 

of  a  sensor  above  the  ground  and  the  outer  scale,  Lo,  as  Lo  =  0.4z  in  the  S8L.  The  inner  scale 

places  a  lower  limit  on  the  length  of  propagation  path  in  the  SBL;  i.e.,  for  inertial  subrange 

behavior,  the  size  of  the  Fresnel  zone  must  be  larger  than  the  inner  scale.  The  outer  scale 
places  an  upper  limit  on  the  agreement  between  measurement  and  inertial  subrange  behavior. 

The  Ochs  inner  scale  device  (Ochs  and  Hill,  1985)  consists  of  a  3-miil  He-Ne  laser  with  a  1  mrad 
beam  divergence  (e.g.,  AARI's  Spectra  Physics  133-1867),  a  0.94  micron  LEO  transmitter,  and  2 
photodiodes  (e.g.,  AARI's  SOC  detector /preamp  SD  100-41-11-231).  The  technique  requires  two 
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optical  paths,  each  about  250  m  long.  An  alternative  to  this  technique  of  measuring  the  inner 
scale  is  described  in  Ochs  and  Hill  (1965).  This  alternative  requires  two  hot-wire  anemometers, 
but  produces  only  a  local  value  of  inner  scale,  rather  than  a  path-averaged  value. 

I  recommend  that  CT2  be  measured  continuously  at  2  m  above  the  ground  by  five  CT-1A-T  sensors 
with  horizontal  probe  spacings  of  0.5,  0.75,  1.0,  2.0,  and  3.0  m.  Since  CT2  is  assumed  constant 
for  scales  within  the  inertial  subrange,  the  outer  scale  will  be  given  approximately  by  the 
greatest  distance  for  which  CT2  remains  constant.  Clifford  et  al.  (1371)  determined  the  outer 
scale  by  measuring  the  temperature  structure  function  for  averaging  times  which  varied  from  10  to 
100  seconds.  On  log-log  plots  of  three  of  these  5-point  functions,  versus  probe  spacing,  the 
curves  followed  a  2/3  slope  until  they  began  to  roll  over  at  a  spacing  corresponding  to  the  outer 
scale.  The  outer  scale  was  found  to  be  about  1-2  m  at  a  sensor  height  of  1.6  m  above  ground.  A 
potential  problem  with  using  the  CT-1A-T  sensor  for  this  type  of  measurement  is  its  relatively 
slow  frequency  response  of  25  Hz.  This  response  limits  the  probe  spacing  to  a  minimum  of  0.4  m, 
assuming  a  maximum  wind  speed  of  11  miles  per  hour  (rrph).  A  better  alternative  is  to  train  AAR  I 
personnel,  in  accordance  with  the  recommendation  in  Section  VIII,  in  the  construction  of  2.5- 
micron  fine-wire  temperature  sensors.  These  sensors  will  allow  a  minimum  spacing  of  0.2  m  for 
maximum  wind  speeds  of  22  mph  and  a  response  time  of  100  Hz.  Lawrence  et  al.  (1370)  report  a 
minimum  frequency  response  of  200  Hz  for  this  type  of  sensor. 

The  location  of  the  tower  triangle  was  chosen  to  miminize  the  effects  on  the  wind  field  of  such 
obstacles  as  the  Air  Farce  Museum  Hangars  487  and  489,  a  6-foot  fence  along  the  northern  boundary 
of  the  test  range,  and  the  shelterbelt  of  trees  located  along  the  southern  boundary.  It  should 
not  cross  paved  surfaces  or  be  located  on  a  downslope.  The  proposed  location  for  the 
northeastern  tower  (T1)  is  100  feet  south  of  the  fence  along  the  northern  boundary.  It  is  to  be 
located  at  the  intersection  of  a  circular  arc  of  1000-foot  radius  centered  on  the  southwestern 
comer  of  Building  487  and  a  line  drawn  perpendicular  to  the  fence.  The  northwestern  tower  (T2) 
is  to  be  located  200  m  west  of  T1  at  the  intersection  of  a  westerly-bearing  chord  and  the  1000- 
foot  arc.  The  southern  tower  (T3)  is  to  be  located  at  the  intersection  of  lines  200  m  in  length 
drawn  from  T1  and  T2.  T3  will  be  located  about  72  feet  north  of  the  east-west  cement  road 
accessing  EF1ACS. 

The  location  of  tilFTT  will  determine  the  directional  dependence  of  the  aerodynamic  surface 
roughness,  zo,  and  other  turbulence  parameters  on  the  presence  of  the  obstacles  mentioned  above. 
According  to  Hosker  (1984),  the  maximum  extent  of  the  cavity  or  recirculation  region  downwind  of 
a  two-dimensional  obstacle  is  about  13H,  where  H  is  the  height  of  the  obstacle  above  ground.  For 
rounded  obstacles,  such  as  the  hangars,  the  cavity  length  is  about  1QH.  The  1000-foot  distance 
from  the  75-foot  Hangar  487  is  slightly  greater  than  13H.  WFTT  is  probably  beyond  the  cavity  of 
Hangar  487,  but  zo  may  still  be  influenced  by  the  hangar  when  the  mean  wind  is  from  the  north. 
This  situation  might  not  be  serious,  however,  since  the  prevailing  winds  are  from  the  southwest. 
The  6-foot  fence  is  about  17H  from  T1  and  63H  from  T2.  They  are  expected  to  have  no  influence  on 
the  tower  measurements.  The  12-m  shelterbelt  is  located  about  36H  from  WFTT,  and  is  expected  to 
have  no  influence  on  tower  measurements  (Plate,  1971). 

The  instruments  on  each  tower  at  2  m  are  fast  response  to  measure  subrange-scale  turbulence. 
They  will  be  mounted  on  a  rotating  boom  which  can  be  oriented  into  the  mean  wind  throughout  the 
measurement  period.  The  AIR-LA-1  has  a  frequency  response  of  500  Hz.  It  requires  calibration 
every  3  to  6  hours  to  provide  absolute  humidity  measurements  and  correct  for  drift.  The  source 
and  detector  windows  of  the  AIR-LA-1  require  cleaning  approximately  every  6  hours.  The  IR-1100 
measures  absolute  humidity  at  10  Hz  and  is  used  at  this  level  to  calibrate  the  AIR-LA-1.  The  TSI 
Abdel  1755  has  a  25  kHz  frequency  response;  the  Model  1210-T1.5  cross-flow  probe  has  a  4  micron 
tungsten  wire  sensor  element.  The  fine-wire  temperature  sensor  commonly  has  a  2.5  micron 
platinun  sensor  element  with  a  minimum  frequency  response  of  200  Hz  (Lawrence  et  al.,  1970).  The 
prop-vane  anemometer  has  a  1-m  distance  constant  and  is  used  to  verify  values  for  the  mean  wind 
measured  by  the  hot-wire  anemometer. 

The  instruments  on  each  tower  at  5  m  have  intermediate  response  speeds  (25  Hz  or  less).  They 
are  expected  to  provide  subrange  measurements  for  mean  wind  speeds  less  than  10  m/s.  The  SUS- 
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211/3S  operates  at  10  Hz.  The  manufacturer  claims  that  it  will  provide  absolute  virtual 
temperature  measurements  in  addition  to  wind  speeds.  If  the  claim  is  true,  then  this  instrument 
will  eliminate  the  need  for  the  12-micron  fine-wire  temperature  sensor  which  is  to  be  located  2 
cm  from  the  sonic  path.  The  sonic  anemometer  must  be  carefully  leveled  and  requires  ambient 
temperature  and  relative  humidity  information  for  calibration.  The  IR-1100  is  used  at  this  level 
to  measure  fluctuations  in  absolute  humidity  and  should  be  mounted  as  near  to  the  sonic 
anemometer  as  possible,  without  interfering  with  the  air  flow.  The  Ochs  Model  IV  will  be  aligned 
following  Kaimal  and  Gaynor  (1983).  The  purpose  for  these  instruments  in  the  triangle  is  to 
measure  the  mean  surface  wind  speed  and  direction  and  the  convergence  within  the  triangle.  Each 
leg  of  the  optical  triangle  measures  path-averaged  crosswind  and  CN2.  The  200-m  spacing  is 
designed  to  provide  information  on  the  direction  and  speed  of  convective  p limes  advecting  across 
the  triangle.  The  12-micron  fine-wire  temperature  sensor  is  to  be  placed  very  near  to  the  sonic 
path  to  provide  correlations  between  fluctuating  temperatures  and  wind  velocity  components.  It 
is  expected  to  have  a  25 -Hz  frequency  response.  An  A.I.R.  FT-1A-T  25 -Hz  temperature  sensor 
located  4  cm  (the  smallest  scale  size  detectable  for  a  1  m/s  wind)  from  the  sonic  path  would  be  a 
possible  alternative  to  the  12-micron  fine-wire  temperature  sensor. 

The  instruments  on  each  tower  at  10  m  have  the  same  characteristics  as  those  mounted  at  5  m. 

The  three-axis  sodar  in  component  O.i.  can  be  either  a  unit  independent  of  the  one  specified  in 
VIII.C.,  or  it  can  be  the  same  one.  The  advantage  of  a  single  sodar  on  the  lilright  Field  test 
range  is  a  smaller  initial  capital  outlay.  The  advantage  of  two  independent  units,  one  centered 
in  the  tower  triangle  and  the  other  outside  the  triangle,  is  the  ability  to  make  simultaneous 
profiles  of  CT2  both  inside  and  outside  of  a  convective  piune.  I  recommend  this  latter 
arrangement,  especially  if  111.  0.  Neff  builds  the  devices. 

The  AIR-0B-2A  is  a  microprocessor-controlled  digital  pressure  transducer  with  10-Hz  frequency 
response.  tilhen  located  near  the  midpoint  of  a  horizontal  propagation  path,  this  transducer  is 
capable  of  measuring  the  pressure  fluctuations  produced  by  turbulence.  The  10-Hz  output  will 
also  be  averaged  and  used  to  convert  values  of  CT2  to  CN2. 

The  radiometers  listed  in  O.iii.  are  routinely  deployed  at  EFIACS  during  sensor  tests.  They  are 
used  in  turbulence  monitoring  to  measure  net  radiation,  to  determine  upwelling  and  downwelling 
fluxes  of  solar  and  terrestrial  radiation,  and  to  infer  the  presence  of  cloud  cover. 

The  Ochs  path-averaged  CN2  profilers  were  built  by  G.  Id.  Gchs  of  liIPL  early  this  year  for 
measuring  horizontal  variations  in  CN2  along  a  600-m  path.  Whereas  the  Model  IV  determines  path- 
averaged  values  of  CN2  weighted  most  heavily  along  the  middle  1/3  of  the  path,  the  CN2  profiler 
is  designed  to  produce  weighted  values  of  CN2  along  3  segments  of  the  path.  It  uses  three 
different  apertures  to  practice  weighting  functions  along  the  first,  middle,  and  final  third  of 
the  optical  path.  Using  infrared  LEO  transmitters,  like  the  Model  IV,  the  CN2  profiler  is  safe 
for  use  around  unprotected  eyes.  Two  of  these  devices  will  be  able  to  profile  a  1 200-m  path, 
which  is  about  the  maximum  horizontal  distance  over  a  homogeneous  surface  at  the  lilright  Field 
test  range.  Should  longer  ranges  be  required,  the  maximun  range  for  each  profiler  can  be 
determined  by  first  measuring  CN2  along  a  600-m  path.  The  separation  between  transmitter  and 
receiver  is  then  extended  until  CN2  begins  to  fall  off.  This  event  can  be  observed  by  measuring 
CN2  for  a  24-hour  period  at  each  separation  distance  and  comparing  the  resulting  curves.  The 
greatest  value  of  CN2  that  can  be  measured  for  a  given  path  length,  L,  can  be  found  from  (Ochs 
and  Cartwright,  1985) 

l  .  0.S4  05/E  X'/8  (C2)-V8.  (1) 

where  0  is  the  transmitter  and  receiver  aperture  diameter,  \  is  the  optical  wavelength,  and  is 
CN2.  The  falloff  in  CN2  for  path  lengths  greater  than  the  maximun  is  caused  by  the  saturation  of 
scintillations  discussed  in  Section  VIII.  To  reduce  the  interference  caused  by  spurious 
vibrations,  the  transmitter  and  receiver  units  must  be  mounted  on  a  solid,  vibration-free 
surface,  such  as  cement  blocks  or  a  steel  platform. 
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The  Ochs  Model  IV  will  provide  path-averaged  measurements  of  crosswind  and  CM2  along  paths  up 
to  1.5  km.  It  will  be  supplemented  by  a  number  of  point  measurements  of  CT2  by  CT-1A-T  sensors 
distributed  along  the  propagation  path.  I  recommend  a  100-m  sample  interval  for  the  point 
measurements. 


X.  PROPOSED  LIES  FOLLOW-ON  RESEARCH  -  PARTIAL  SITE  CHARACTERIZATION  OF  WRIGHT  FIELO  TEST  RANGE  FOR 
TURBULENCE  MONITORING  OF  SENSOR  TESTS 


The  follow-on  research  that  I  propose  will  determine  the  variance  of  intensity  and  angle-of- 
ar rival  fluctuations  of  a  He-Ne  laser  beam  to  infer  the  behavior  of  CN2  at  WFTT.  If  AARI 
instrumentation  (EMACS  and  IWAC  PAC)  and  personnel  can  be  made  available.  I  additionally  would 
like  to  instrument  a  10-m  tower  at  EWACS  to  observe  micrometeorological  parameters  at  WFTT. 

The  primary  objective  of  the  follow-on  research  is  to  measure  three  optical  turbulence 
parameters: 

1.  The  variance  of  intensity  fluctuations,  given  by  Phillips  and  Andrews  (1981)  as 


o\  »  •xp«^I)  -  1. 


(2) 


2  y  2  c  .2  ,7/6  11/6. 

where  °lnl  *  OlnI(0-5Cnk  L 
h/  2 

0^^^  is  a  normalized  variance  depending  on  the  ratio  of  Fresnel  zone  to  inner  scale,  k  is  the 
wave  number  of  the  optical  beam  (radians/ meter ) ,  and  L  is  the  path  length. 

2.  The  variance  of  angle-of -arrival  fluctuations,  derivable  from  Tatarskii  (1971)  as 


2  _  2  -1/3 

°a  "  a-**  CnLr  , 


(3) 


where  r  may  be  interpreted  as  the  spacing  between  sensors  in  an  array. 


3.  The  phase  structure  function,  again  derivable  from  Tatarskii  (1971)  as 
2  2  5/3 

0(jj(r)  *  1.09  k  L  r  (A) 


Values  far  CN2  will  then  be  calculated  from  each  of  the  three  parameters  and  compared. 

Instrumentation  for  these  measurements  is  presently  available  at  AARI.  The  light  source  and 
receivers  will  consist  of  AARI's  Spectra  Physics  133-1867  He-Ne  laser  and  five  SDC 
detector/preamp  SO  100-41-11-231  photodiodes.  The  1-milliradian  divergence  of  the  Q.B-mm  beam 
exiting  the  laser  will  provide  a  spherical  wavefront.  To  assure  that  only  coherent  portions  of 
the  wavefront  are  sampled,  each  photodiode  must  be  stopped  down  to  a  1  -ran  aperture  diameter.  A 
restricted  field  of  view  for  the  photodiode  array  will  be  required  for  operation  in  daylight.  I 
will  supply  the  data  acquisition  system. 

The  equipment  will  be  located  on  Wright  Field  near  EMACS.  The  photodiodes  will  be  mounted  in  a 
linear  array  with  an  adjustable  spacing  between  each  receiver.  This  spacing  is  irrelevant  for 
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the  irradiance  calculation,  but  it  is  critical  for  the  angle-of -arrival  and  structure  function 
measurements.  One  Fresnel  zone  has  been  chosen  as  the  appropriate  distance,  r,  for  the  receiver 
spacing.  At  a  laser  frequency  of  0.6328  microns,  r  is  0.80,  1.12,  and  1.38  cm  for  path  lengths 
of  100,  200,  and  300  m,  respectively.  1  measured  the  diameter  of  the  photodiode  at  its  largest 
dimension  to  be  about  0.95  cm  and  the  diameter  of  the  socket  to  be  about  1.02  cm.  If  these 
dimensions  cannot  be  reduced,  the  minimum  path  length  mill  be  about  163  m.  I  will  initially  plan 
for  a  mininun  path  length  to  correspond  to  the  minimum  practical  photodiode  spacing.  If 
meteorological  conditions  are  expected  to  remain  uniform  for  3  or  4  days,  I  plan  to  vary  the  path 
length  over  a  range  of  distances  until  saturation  of  scintillations  occurs. 

A  secondary  objective  of  the  follow-on  research  is  to  use  standard  AARI  anemometers 
(Ueathertronics  2030  or  2031)  and  wind  vanes  (Ueathertronics  2020)  to  measure  fluctuating 
horizontal  wind  speeds  and  directions.  From  these  measurements,  I  will  calculate  20-minute 
averages,  variances,  vertical  gradients,  and  spectra.  I  will  attempt  to  estimate  an  aerodynamic 
roughness  length  following  a  graphical  method  outlined  in  Biltoft  (1985).  The  10-m  tower  will  be 
instrumented  with  identical  instruments  at  heights  of  2,  5,  and  10  m  to  provide  the  necessary 
measurements. 


XI.  DATA  ACQUISITION  AND  PROCESSING 


There  are  two  approaches  to  data  acquisition  and  processing:  routine  and  experimental 
monitoring.  Routine  monitoring  assumes  that  adequate  information  on  turbulence  is  obtained  by 
sampling  with  a  frequency  that  corresponds  to  scale  sizes  which  fall  within  the  inertial 
subrange,  typically  ranging  from  1  cm  to  several  meters  in  the  SBL.  For  a  10-m/s  wind  speed,  a 
100-Hz  frequency  response  will  provide  information  on  scale  sizes  of  about  20  cm. 

Routine  monitoring  for  TMAB  is  estimated  to  produce  about  2  million  samples  per  hour  (sph)  of 
raw  data.  This  assunes  a  25 -Hz  frequency  response  for  22  CT-1A-T  units,  180  sph  for  the  single¬ 
axis  sodar,  300  sph  for  the  three-axis  sodar,  and  72  sph  at  a  100-second  averaging  time  for  each 
of  the  Ochs  Model  IV  systems. 

Using  a  maximus  frequency  response  of  100-Hz,  routine  monitoring  for  tiJFTT  is  estimated  to 
generate  about  9.2  million  sph  of  raw  data  .  This  assunes  12  sph  for  the  Ochs  inner  scale 
device,  one-half  million  sph  for  the  outer  scale  determination,  about  8  million  sph  for  the  three 
towers  in  the  tower  triangle,  a  10-Hz  frequency  response  for  the  digital  barometer,  300  sph  for 
the  three-axis  sodar,  216  sph  at  a  100-second  averaging  time  for  the  two  Ochs  CN2  profilers,  72 
sph  for  the  Ochs  Model  IV,  and  one  million  sph  for  10  CT-1A-T  point  sensors. 

The  total  raw  data  acquisition  for  both  TMA8  and  lifFTT  is  therefore  slightly  in  excess  of  22 
megabytes  per  hour.  This  figure  can  be  reduced  by  one  or  two  orders  of  magnitude  through  the 
judicious  application  of  Fourier  transforms,  averaging,  and  grab-sampling  to  the  raw  data  (Kaimal 
and  Gaynor,  1983).  Storing  only  processed  data  will  prove  profitable  for  TMA0  and  WFTT  during 
routine  monitoring. 

However,  a  substantial  amount  of  information  will  be  lost  if  these  techniques  are  applied  to 
UIFTT  during  experimental  phases  of  data  acquisition.  I  estimate  a  raw  data  acquisition  rate  of 
about  600  megabytes  per  hour  for  UFTT  uider  experimental  conditions.  This  estimate  assumes  a 
500-Hz  frequency  response  for  the  AIR-LA-1  and  fine-wire  temperature  sensors  and  a  25  kHz 
frequency  response  for  the  TSI  anemometer. 

The  number  of  data  channels  associated  with  each  site  will  influence  the  type  of  analog- to- 
digital  (A/0)  conversion  capability  required.  Without  the  AIR-3A-1R  Tethersonde  System,  TMAB  is 
expected  to  require  a  minimun  of  34  and  a  maximum  of  78  channels  of  A/0  conversion.  UFTT  is 
expected  to  require  78  channels  of  A/0  conversion.  This  results  in  a  minimun  of  112  and  a 
maximum  of  156  channels  of  A/D  conversion  required  for  the  proposed  data  acquisition  scheme. 
(These  figures  do  not  include  data  recorded  by  EMACS,  since  EMACS  is  already  an  independent 
operational  system.) 
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To  place  these  figures  in  perspective,  both  my  acoustical  Doppler  interferometer  and  my 
proposed  UES  follow-on  research  are  expected  to  require  180-megabyte  data-acquisition  rates  per 
hour  for  raw  data.  Transforming  and  averaging  is  expected  to  reduce  the  figure  for  follow-on 
research  by  as  much  as  four  orders  of  magnitude.  (These  figures  do  not  include  EMACS  data.) 


XII.  CAPITAL  OUTLAY 


A  figure  for  capital  outlay  is  somewhat  difficult  to  calculate  in  this  case  because  several  of 
the  instruments  are  expected  to  be  fabricated  in  AARI  and  WPL  laboratories.  This  instrumentation 
includes  the  so  oars,  fine-wire  temperature  sensors,  Ochs  Model  IV  and  CM2  profilers,  and  the  Gens 
inner  scale  device.  Assisting  that  only  the  Ochs  instruments  and  9  fine-wire  temperature  sensors 
will  be  constructed  by  government  personnel,  the  estimated  total  capital  outlay  for  TMA8 
instrumentation  is  $110,000,  and  $2E9,0QQ  for  lilFTT.  This  brings  the  total  commercial  instrument 
cost  for  the  proposed  facility  to  $359,000. 


XIII.  STATUS  OF  BORROWED  INSTRUMENTATION  AND  DATA  ANALYSIS 


Due  to  my  late  start  on  the  simmer  project,  I  am  sorry  to  say  that  I  was  unable  to  borrow 
equipment  from  government  laboratories.  However,  EMACS  was  calibrated  and  tested  during  my  final 
week  at  WPAFB.  Data  from  those  nns  is  presently  being  edited,  and  I  expect  to  receive  about  24 
hours  of  data  by  31  October.  I  plan  to  perform  whatever  analysis  is  possible  on  this  data,  and 
intend  use  it  to  initiate  a  WPAFB  data  base  for  teaching  purposes  at  Georgia  Tech. 


XIV.  RECDWnENOATIQNS 


The  majority  of  my  recommendations  are  contained  within  the  body  of  this  report.  However,  I 
have  a  few  suggestions  which  have  a  bearing  on  the  research  I  accomplished. 

The  intercommunication  established  by  the  Georgia  Tech  group  between  AARI,  MLPJ,  AAAI,  and  the 
Georgia  Tech  Research  Institute  (GTRI)  may  be  the  first  interdisciplinary  approacn  of  its  kind 
with  respect  to  wave  propagation  through  the  real  atmosphere.  MLPJ  and  AAAI  have  an  immediate 
need  for  a  facility  such  as  that  proposed  here.  One  Georgia  Tech  student  in  the  School  of 
Geophysical  Sciences  is  already  in  the  process  of  beginning  doctoral  thesis  research  with  MLPJ  as 
a  result  of  my  summer  effort,  and  I  am  encouraging  UE5  follow-on  research  for  partial  site 
characterization  at  Wright  Field  in  the  simmer  of  1989.  Enthusiasm  is  high  among  the 
participants  in  the  five  meetings  that  were  held  this  summer.  Externally,  WPL  and  GTRI  personnel 
are  looking  forward  to  continuing  involvement  with  this  simmer's  project. 

Considering  the  high  degree  of  interest  in  this  project  generated  at  MLPJ,  UES  follow-on 
research  would  be  appropriate.  No  costly  equipment  will  be  needed;  I  am  assured  that  any 
specialized  instrumentation  I  might  require  will  be  made  available  by  WPL  and  GTRI  if  I  submit  my 
request  early  enough.  Details  for  a  mini  grant  can  be  arranged  through  Professor  G.  W.  Grams  (a 
Fellow  of  the  Summer  Faculty  Research  Program  and  my  supervisor  on  the  project)  at  Georgia  Tech. 

The  importance  of  my  research  and  the  proposed  facility  which  resulted  from  it  rests  in  its 
uniqueness.  To  the  best  of  my  knowledge,  no  comparable  facility  exists  anywhere  in  the  U.  S. 
Department  of  Oefense.  The  AFWAL  Turbulence  Monitoring  Site  is  proposed  to  be  of  research  as 
well  as  operational  value.  Continued  interest  generated  by  UES,  GTRI,  and  WPL  might  go  a  long 
way  in  making  the  proposed  facility  a  showpiece  among  interdisciplinary  research  centers. 
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Conventional  receiver  architecture  and  signal  processing 
techniques  are  reaching  their  limits  in  terms  of  speed  and 
throughput  and  new  optical  designs  are  offering  great 
promise  in  terms  of  these  eliminating  these  limitations. 
Lightwave  system  designers  are  now  faced  with  the  problem  of 
staying  abreast  of  the  current  and  future  state  of  optical 
devices  and  sub-system  technologies.  A  composite, 
categorized,  and  up-to-date  database  development  has  been 
researched  and  constructed  which  details  the  various  optical 
computing  and  processing  components  available  for  systems 
development  along  with  a  brief  description  of  their  general 
capabilities . 
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I.  INTRODUCTION 

The  Electronic  Warfare  -  Passive  ESM  (Electronic  Support 
Measures)  branch  of  the  USAF  Aeronautical  Laboratories  at 
Wright  Patterson  Air  Force  Base  are  particularly  interested 
in  developing  receivers  for  radar,  IR,  optical  and  UV 
detection  and  warning.  The  current  (and  future)  electronic 
density  within  the  combat  environment  is  pushing  the 
performance  of  digital  ESM  receivers  beyond  their 
capabilities.  Optical  processing  and  computing  remain  a 
valid  alternative  for  receiver  systems  design  because  of  the 
inherent  advantages  over  current  implementation. 

The  first  advantage  lies  in  the  massive  parallel  processing 
that  may  be  easily  implemented  resulting  in  a  large  increase 
in  computational  speed.  Additional  advantages  include 
extremely  high  throughput  (due  to  the  computations  being 
accomplished  at  the  speed  of  light),  the  ease  of 
interconnectability  (ie.  for  implementation  of  neural 
architectures)  and  the  powerful  operations  available,  ie . 
a  lens  taking  the  2-D  Fourier  transform. 

My  research  interests  have  been  in  the  area  of  optical 
processing  devices  for  receiver  design.  My  work  on  a  special 
lightwave  systems  and  device  database  have  contributed  to  my 
assignment  at  the  Passive  ESM  branch  of  the  USAF  Aeronautical 
Laboratories . 
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II.  OBJECTIVES  Q£  THE.  RESEARCH  EFFORT 

The  main  problem  facing  optical  system  designers  today 
is  keeping  track  of  the  available  lightwave  devices  and  their 
corresponding  performance  specifications  so  that  new  and 
different  approaches  to  system  architectures  may  be  developed 
that  exploit  the  advantages  that  are  being  offered.  The 
problem  with  this  is  that  it  combines  two  separate  areas  of 
research . 

One  separate  area  is  the  semiconductor  device  technology  area 
where  the  research  interest  is  only  at  the  device  level.  The 
second  separate  area  is  the  systems  processing  and  computing 
area  in  which  the  research  is  directed  towards  the  overall 
architecture  of  the  system  design.  In  order  for  the  future 
lightwave  systems  designer  to  function,  a  knowledge  of  both 
areas  is  mandatory. 

My  assignment  as  a  participant  in  the  1988  Graduate  Student 
Research  Program  was  to  construct  a  composite  database  of  the 
current  lightwave  device  research  and  technology.  This  is 
necessary  so  that  new  receiver  system  architectures  may  be 
developed  (not  just  conventional  schemes  being  implemented 
optically).  Since  this  bridge  between  the  two  separate  areas 
of  technology  is  constantly  being  torn  due  the  rapid 
development,  of  lightwave  device  technology,  it  was  decided 
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that  this  effort  should  be  continuously  updated  and  in  the 
future  to  also  add  the  individual  device  system  performance, 
analysis  and  design  BIBO  parameters  useful  in  systems 
development . 

III.  CATEGORIES. 

The  two  different  types  of  optical  processing  are  incoherent 
processing  (optical  waves  with  2  or  more  wavelengths  present) 
and  coherent  processing  (monochromatic  optical  waves).  The 
optical  processing  devices  in  existence  today,  can  basically 
be  grouped  into  4  categories . 

Integrated  Optical  Devices  -  devices  fabricated  in  GaAs ,  Si, 

GaAlAs,  ZnCd,  InP  and  other 
types  of  compounds 

Interface  Devices  -  optical  hybrid  equipment 

and  connectors 

Lasers  -  solid  and  gas  type  lasers 

Geometrical  Components  -  transparent  objects  that 

deflect,  transmit  and  reflect 

Detailed  below  is  a  composite  of  the  various  devices  and 
systems  used  and  a  brief  description  of  their  function. 
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Microlenses  -  used  on  coupling  into  single  mode  fiber  end. 

Has  to  perform  wavefront  matching  of  the  radiation  field  to 
the  mode  carried  in  the  fiber. 

Grating  -  connects  a  particular  waveguide  mode  with  an 
unguided  optical  beam  which  is  incident  at  an  oblique  angle. 
Tapered  -  based  on  the  principle  that  a  waveguide  which  ie 
below  cutoff  transfers  its  energy  into  radiation  modes. 

Guide  thickness  is  tapered  in  coupler  region  to  produce  a 
reduced-height  waveguide  with  a  decreasing  cutoff  wavelength. 

Fiber  to  waveguide  couplers 

Butt  -  fiber  directly  butted  in  contact  with  the  waveguide, 
without  any  interfacing  device  in  an  end-on  alignment. 

Tapered  film  fiber  -  fiber  connected  to  a  tapered  section  of 
waveguide  through  a  substrate  or  through  the  surface. 

Waveguide  to  Waveguide 

Dual  channel  directional  -  parallel  channel  optical 
waveguides  closely  spaced  so  that  energy  is  transferred  from 
one  to  the  other  by  optical  tunneling  (coherent  synchronous 
coupling) . 

5:1  t tic  Switches  and  Modulators 

Usually  these  devices  can  function  as  either  a  switch  or  a 
modulator.  The  device  is  considered  a  modulator  if  its 
primary  function  is  to  impress  information  on  a  light  wave. 
The  device  is  considered  a  switch  if  it  changes  the  spatial 
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position  of  the  light  or  else  turns  it  off  or  on. 

The  operation  is  based  on  the  electro-optic  effect  (Pokels 
effect  +  Kerr  effect)  which  is  the  change  in  the  index  of 
refraction  produced  by  the  application  of  an  electric  field. 
System  analysis  parameters  include  modulation  depth 
(modulation  index),  bandwidth,  insertion  loss,  power 
consumption  and  isolation. 

Single  Waveguide  Modulator  Structures 

Phase  modulators  -  the  electric  field  causes  a  change  in 
phase  of  lightwaves  traveling  along  the  guide  that  is 
proportional  to  the  voltage  (requires  phase  coherent 
detection) . 

Polarisation  modulators  -  the  electric  field  causes  a  change 
in  the  polarization  of  the  lightwaves  proportional  to  the 
voltage  (requires  a  polarisation  analyzer  for  detection). 
Intensity  modulators  -  the  structure  guides  the  lowest  order 
mode  with  no  electric  field  and  when  the  electric  field  is 
applied  the  mode  becomes  transmissive. 

Electro-absorbtion  modulators  -  the  electric  field  produces 
an  intensity  modulation  but  is  based  on  the  Frans  Keldysh 
effect  (no  Pockel's  effect  )  and  is  characterized  by  large 
changes  in  the  device  absorption. 

Dual  Channel  Waveguide  Modulators 

Mach-Zehnder  modulators  -  the  interference  is  produced 
between  phase  coherent  lightwaves  by  traveling  over  different 
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path  lengths.  By  applying  voltage  to  the  electrodes,  the 
path  lengths  can  be  varied.  Single  mode,  multimode  and 
biref ringeroent  fibers  can  be  used  for  the  paths  and  are 
sensitive  to  external  vibration  and  pressure  changes . 

Bragg  effect  modulator  -  the  voltage  applied  to  the 
electrodes  changes  the  index  of  refraction  and  forms  an 
optical  grating  pattern  in  the  guide  which  changes  the 
direction  of  propagation  of  the  light  beam. 

Reflection  modulators  -  the  electo-optic  effect  reduces  the 
index  of  refraction  of  the  device  to  the  point  where  total 
internal  reflection  of  an  incident  optical  beam  occurs. 
Lightwave  Crossbar  -  composed  of  non-linear  material,  light 
is  injected  into  one  row  and  one  column  waveguides 
representing  two  input  values.  The  addition  of  the  two 
fields  together  cause  the  non-linear  material  at  the 
intersection  to  switch  states.  The  other  sites  lack 
intensity  and  do  not  switch  states.  Probe  beams  in  the  third 
dimension  can  be  modulated  by  the  non-linear  patches. 

IV-3.  Acoustic  -  Optic  Modulators 

In  these  types  of  modulators,  acoustic  waves  produce  the 
desired  grating  pattern  in  the  index  profile.  The  acousto  - 
optic  effect  is  the  change  in  the  index  of  refraction  caused 
by  mechanical  strain  which  is  introduced  by  the  passage  of  an 
acoustic  -  strain  wave.  The  resulting  index  variation  is 
periodic  with  a  wavelength  equal  to  that  of  the  acoustic 
wave  . 
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Bragg  type  modulator  -  based  on  diffraction  which  takes  place 
when  long  interaction  lengths  between  the  optical  and 
acoustic  beams  cause  multiple  diffraction.  Used  as  a 
modulator,  beam  deflector  and  as  a  optical  switch. 

Raman  Nath  modulator  -  have  a  smaller  modulation  index  than 
that  of  the  comparable  Bragg  modulators  and  cannot  be  used  as 
an  optical  switch  because  the  diffracted  light  is  distributed 
over  many  orders  at  different  angles. 

IV-4.  Integrated  Lasers 

From  the  principles  of  light  emission  in  semiconductors  it  is 
possible  to  design  a  light  source  in  such  a  way  that 
stimulated  emission  of  photons  will  dominate  over  both 
spontaneous  emission  and  absorption.  With  a  resonant 
reflecting  structure  generating  optical  feedback,  a  lasing 
mode  can  be  established  and  coherent  optical  emission  will 
result.  System  analysis  parameters  include  the  optical  modes 
supported,  the  lasing  threshold,  output  power,  stability, 
efficiency  and  environmental  temperature  requirements. 

Discrete  laser  diode  -  small,  simple  in  construction ,  pn 
junction  laser  with  flowing  junction  current.  Used  in  fiber 
optic  signal  transmission  applications. 

Electron-Beam  pumped  laser  -  pumped  by  a  high-energy  electron 
beam  impinging  on  the  semiconductor  crystal  rather  than  by  a 
flowing  junction  current. 
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Tunnel  injection  laser  -  pumped  by  a  current  of  electrons  or 
holes  which  reach  the  active  region  by  tunneling  through  an 
energy  barrier. 

Distributed  feedback  laser  -  doesn't  use  the  reflecting 
structure  as  the  lasers  above  do.  Uses  distributed  feedback 
from  a  Bragg  type  diffraction  grating. 

Excimer  laser  -  high  average  power  in  the  UV  region  with 
radiation  at  193  nm  (ArF)  and  248  nm  (KrF).  Pulse  duration 
10-30  nsec  with  beam  divergence  from  2  to  5  mrad. 

Fabrv  -  Perot  -  dual  channel  device  where  feedback  is 
provided  by  the  channels  and  coupling  region. 

IV-5.  Optical  Detectors 

Detectors  in  IOC  roust  have  high  sensitivity,  short  response 
time,  large  quantum  efficiency,  and  low  power  consumption. 
Factors  that  pertain  to  the  system  analysis  include  cutoff 
frequency,  linearity  and  noise. 

Photodiodes  -(discrete,  pyroelectric,  Schottky-Barrier , 
light  emitting,  avalanche)  Current  is  modulated  by  the 
absorption  of  photons  of  light. 

Photovoltic  -  large  bandwidth  device  that  generates  a  voltage 
when  illuminated. 

Photoconductive  -  device  in  which  the  resistance  is 
proportional  to  the  intensity  of  light  impinging  upon  it. 
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IV-6 . 


Specialised  Multi-Element  Compounds 


Whole  receivers,  antenna  systems,  transmitters  and  various 
specialised  components  can  be  integrated  with  uses  ranging 
from  telecommunications  to  military  to  medical. 

RF  Spectrum  Analyser  -  light  from  a  laser  source  is  coupled 
into  a  planar  waveguide  passing  first  through  a  collimating 
lens  then  through  a  Bragg-type  acousto-optic  modulator.  The 
RF  signal  to  be  analysed  is  applied  to  an  acoustic  transducer 
that  generates  sound  waves  causing  them  to  have  a  time 
varying  period.  This  makes  the  deflection  angle  of  the 
optical  beam  at  the  output  of  the  modulator  a  function  of  the 
input  rf  signal. 

Analog  to  digital  converter  -  this  device  incorporates  two  3 
dB  couplers  and  a  phase  shifter  formed  in  a  pair  of  straight 
waveguides.  The  devices  now  are  capable  of  one-bit  electro- 
optical  A  to  D  conversion  at  100-200  MHZ. 

V.  Interface  Devices  and  Syadems 

V-l.  Systems 

Spatial,  li&lii.  (.valve)  modulators  (J5U1).  -  acts  as  a  piece  of 

film  whose  transmittance  or  reflectance  may  be  varied 

spatially  and  temporally  by  electronic  or  optical  means.  The 

two  types  are  the  optically  addressed  and  the  electrical lv 

addressed.  The  SLM  can  be  used  as  a  polarisation  modulator, 

hologram  media,  storage  ‘evice,  analog  multiplication , 

optical  phase  conjugation,  crossbar  interconnection  for 
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linear  and  nonlinear  spectral  estimation,  real-time 
diagnostic  expert  system,  image  amplifier,  wavelength 
converter,  incoherent  to  coherent  image  converter,  cross 
correlator  and  convolver.  Different  types  include  deformable 
surfaces,  GaAs,  magneto-optic,  micro-channel, 
micromechanical,  multiple  quantum  well,  membrane,  electron 
beam  addressed  electro-optic  crystal  (DKDP) ,  pockels  readout 
optical  modulator  (PROM),  single  crystal  ferroelectrics 
(Photo  Titus),  ceramic  photoelectrics,  ruticon  and  the  liquid 
crystal . 

Optical  phased  lock  loop  -  has  the  same  function  as  the 
electronic  PLL.  Contains  an  optical  oscillator  whose  output 
phase  and  /  or  frequency  is  steered  to  keep  it  in  sync  with 
the  reference  signal. 

Optical  wavelength  synthesiser  -  optical  device  that  allows  a 
wide  variety  of  signals  to  be  set  up  simultaneously. 

F lber  ring  resonator  -  device  for  non-linear  phase  modulation 
in  which  the  intensity  transfer  function  has  resonances  at 
integral  multiples  of  two  pi  (zero  transmission  in  optimal 
coupling  conditions).  Phase  modulator  is  usually  a 
piezoelectric  cylinder  in  which  a  voltage  is  applied  to 
change  the  length  of  the  cylinder  and  the  fiber.  Resonator 
is  excited  by  a  single  mode  laser  and  the  polarisation  is 
adjusted  to  the  polarisation  eigen  mode  of  the  fiber. 
Important  in  spectral  analysis  or  when  tie  piezoelectric 
transducer  is  a  control  element  in  various  sensor 


configurations . 
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Beam  splitters  and  deflectors  -  used  in  beam  manipulation, 
beam  deflection,  interferometry,  imaging  and  recording. 
Analysis  parameters  include  polarisation,  transmission 
tolerance,  scatter  and  absorption  loss,  useable  clear 
Polarizer  -  selectively  transmits  (or  lets  through)  a 
specific  polarisation .  Used  as  detectors,  polarisation 
analysers,  laser  beam  attenuators  and  filters.  Analysis 
parameters  include  polarisation,  spectral  range, 
transmittance,  acceptance  angle  and  extinction  ratio. 

VIII.  RBCOMBEHPATIOflS 

The  number  of  different  lightwave  devices  now  available  is 
numerous.  The  progression  of  new  fabrication  techniques, 
devices  and  system  components  is  moving  along  at  a  rate  so 
rapid  that  a  way  of  categorising  the  system  level  performance 
parameters  of  each  of  these  as  they  are  developed  seems 
imperative  if  new  advanced  system  architectures  (such  as 
parallel  distributed  processors)  are  to  be  developed. 

Further  database  development  including  the-  system  level  input 
and  output  parameters  and  the  interface  specifications  for 
each  individual  entry,  would  make  the  lightwave  system 
designers  job  much  easier.  In  addition,  the  new  designs 
could  also  take  advantage  of  the  current  technology  that  is 
(or  will  be)  available  more  readily,  enhancing  the 
capabilities  of  future  systems. 
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Dve  Laser  -  laser  wavelength  can  be  tuned  over  a  significant 
range  by  varying  the  dye  solution. 

VII.  Geometrical  Components 

Included  in  this  category  are  the  various  geometrical  optic 
devices  made  from  fused  silica,  borosilicate  or  plastic  used 
for  light  beam  deflection  and  transmission .  Analysis 
parameters  include  radius  of  curvature,  surface  quality, 
surface  figure  tolerance,  number  of  edge  chips,  angular 
tolerance  (prisms),  transmittance  and  polarization. 

Mirrors  -devices  that  reflect  or  diffract  light.  Used  in 
various  system  designs  to  reflect  light  back  into  the  system, 
set  up  a  resonating  cavity,  beam  deflection  and  to  direct 
light  to  and  from  various  components. 

Prisms  -  used  as  a  dispersion  element  in  laser  cavities, 
couple  light  into  integrated  guides  and  devices, 
decomposition  of  light  into  its  various  spectral  components. 
Types  include  right-angle  prisms,  Littrow  prisms,  Brewster 
angle  prisms,  dove  prisms,  Porro  prisms. 

Lenses  -  standard  configurations  include  piano  convex,  bi¬ 
convex  concave,  bi  concave,  cylindrical  and  aplanatic 
achromats.  Analysis  parameters  include  diffraction  effects, 
spherical  aberrations,  focal  length,  radius  of  curvature, 
clear  aperture,  surface  figure  and  the  thickness.  Used  for 
phase  transformation,  Fourier  transformation,  image 
formation,  focussing  and  collimating. 
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V-2.  Interface  Devices 

Fiber  optics  -  interconnection  waveguide  structure  that  can 
operate  in  single  mode  (633  nro)  or  multimode.  No  outside  EM 
interference,  high  bandwidth  and  very  low  losses.  Used  for 
telecommunication  and  pulse  compression.  Always  experience 
some  degree  of  linear  biref ringence  (due  to  fiber  bending  and 
lateral  pressure)  and  circular  birefringence  (induced  by 
magnetic  field  -  Faraday  effect). 

Dif fraction  grating  -  glass  or  plastic  material  which  is 
etched  or  cut  to  cause  grooves  to  diffract  light  in  a 
specified  way.  Used  in  optical  filters  and  hologram  writing. 
Hologram  -  2D  or  3D,  computer  generated  or  media  wavefront 
recording  produced  by  holography. 

VI.  Lasers 

Lasers  in  this  category  are  the  structures  not  fabricated  in 
semiconductor  material.  Analysis  parameters  used  to 
characterise  lasers  are  the  peak  output  power,  efficiency, 
spectral  range,  beam  divergence  and  pulse  repetition 
frequency . 

Rubv  Laser  -  common  laser  using  a  three- level  energy  system 
with  a  maximum  emission  power  output  at  .6943  micro  meters. 
Eldj lag.,  Mifilaaa  Laaar  -  four  energy  level  system  with 
maximum  output  power  at  1.06  micro  meters. 

CO  2.  laser  -  continuous  output  power  in  the  range  of  150  KW 
at  10.6  micrometers. 
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ABSTRACT 

A  complementary  set  of  instruments  was  set  up  to  facilitate  the 
observation  of  natural  sky  background  radiance  levels  and  the  detection 
of  sub-visual  cirrus  clouds  Wright-Patterson  Air  Force  Base.  Two 
coordinated  camera/photometer  systems  were  used  to  look  at  the  solar 
aureole  and  at  the  sky  background.  A  frequency-doubled  Nd:Yag  lidar  was 
used  for  sub-visual  cirrus  detection  and  the  other  instruments 
coordinated  with  synoptic  data  to  try  to  characterize  the  clouds. 

Sub-visual  cirrus  were  detected  on  the  afternoon  of  the  final  day 
of  the  experiment  in  a  band  ahead  of  a  cold  front.  The  detection  of  the 
incidence  and  continued  presence  of  an  optically  thin,  yet  physically 
thick  smoke  layer  due  to  forest  fires  in  the  northwestern  U.S.  was  a 
bonus  for  the  experiment.  The  natural  photometric  background  levels  were 
determined  for  a  variety  of  weather  conditions  and  the  range,  resolution 
and  photon  noise  levels  measured. 
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I.  INTRODUCTION: 

Sub-visual  cirrus  clouds  have  been  cited  (Schmidt  et  al,  1988)  as 
the  probable  source  of  the  11  jim  "window-fill"  phenomenon  which 
degrades  the  performance  of  airborne  and  space  borne  sensors.  Detection 
of  cirrus  clouds  and  the  middle  atmosphere  via  a  LIDAR  (Light  Detection 
And  Ranging  Device)  is  limited  by  the  natural  sky  background,  i.e.  the 
photon  noise  produced  by  direct  and  scattered  radiation. 
Characterization  of  these  effects  is  necessary  to  understand  the  effects 
the  atmosphere  has  on  sensors  and  our  environment. 

The  Atmospheric  Sciences  Department  of  the  School  of  Geophysical 
Sciences  at  the  Georgia  Institute  of  Technology,  in  conjunction  with  the 
Electromagnetics  Laboratory/Electro-Optics  Division  of  the  Georgia  Tech 
Research  Institute  is  currently  involved  in  efforts  to  utilize  the 
100-inch  optical  collimator  at  Wright-Patterson  Air  Force  Base  as  the 
collector  for  an  atmospheric  LIDAR  system,  the  "MegaLIDAR"  system. 
Because  of  the  greater  collecting  area  this  system  should  be  able  to 
measure  atmospheric  parameters  up  to  100  km  altitudes  versus  altitudes  of 
20-25  km  obtained  with  typical  lidars.  Operation  of  the  MegaLIDAR  on  a 
frequent  basis  will  allow  verification  of  properties  and  models  of  the 
middle  atmosphere,  including  gravity  wave  modeling.  Determination  of  sky 
background  characteristics  under  different  cloud-cover  conditions  is 
important  for  qualification  of  operational  limitations. 

My  research  interests  have  been  in  the  area  of  the  detection, 
characterization  and  modeling  of  visible  and  sub-visual  cirrus  clouds. 
Previous  work  on  the  characteristics  of  sub-visual  cirrus  clouds  via 
coordinated  radiometric  and  spectrometric  measurements  has  contributed  to 
my  understanding  of  cirrus  clouds  and  the  efforts  of  this  study. 
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II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT:  u 

The  methods  of  detecting  sky  background  radiance  levels  are 
well-known,  involving  the  use  of  radiometric  and/or  photometric  sensors. 
Detection  of  sub-visual  cirrus  clouds  has  also  been  done  by  means  of  a 
LIDAR  (Uthe  and  Russell,  1976);  however,  this  was  done  in  the  tropics, 
not  at  mid-latitude  locations.  To  date  there  has  been  little  coordinated 
effort  in  the  area  of  detection  and  characterization  of  sub-visual  cirrus 
using  multi-sensor  techniques.  Coordinating  photometric  information  with 
satellite  imagery,  ground-based  camera  images  and  synoptic  data, 
parameters  can  be  determined  when  the  LIDAR  has  verified  the  presence  of 
sub-visual  cirrus.  Computer  analysis  of  the  video  and  digital  images  is 
an  alternate  detection  method  and  provides  unique  information  on  the 
extent  and  uniformity  of  sub-visual  cloud  bands. 

My  assignment  as  a  1988  Fellow  in  the  Graduate  Student  Research 
Program  was  to  determine  the  natural  sky  background  under  a  variety  of 
weather  conditions  and  to  detect  and  parameterize  sub-visual  cirrus. 
Information  on  the  natural  sky  background  variability  was  gained  by  means 
of  two  Pritchard  photometers.  Video  imagery  was  obtained  simultaneously 
from  two  CCD  (charge-coupled  device)  cameras:  a  solar  aureole  camera 
with  occultation  disk,  and  an  all-sky  camera  with  a  160°  f ield-of-view 
(FOV).  The  8-12  y/m  band  radiometer  was  not  available  for  use  during 
the  experiment  period,  so  the  study  is  limited  to  measurements  in  the 
visible  region  of  the  spectrum.  The  cameras  were  not  in  the  original 
plan;  however,  they  provide  avenues  for  future  work. 

Further  research  work  and  computer  analysis  of  the  data  recorded 
during  the  two-week  observation  period  will  begin  at  the  Georgia 
Institute  of  Technology  upon  my  return.  A  proposal  for  a  mini-grant 
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under  Or.  Gerald  Grams  will  be  submitted.  The  MegaLIDAR. 
proof-of-concept  test  will  be  run  in  October,  1988  at  Wright-Patterson 
AFB,  Building  622. 

III.  NATURAL  SKY  BACKGROUND 

a.  The  natural  sky  background  and  its  effect  on  the  range  and  noise  of 
HOAR  systems  is  important  in  the  field  of  remote  sensing,  particularly 
among  people  with  an  interest  in  the  "MegaLIDAR"  project.  Ground-based 
LIOAR  systems  are  currently  operated  primarily  at  night  due  to  the 
uncertainty  in  the  background  photon  levels.  To  study  the  effects  of  the 
daytime  versus  nighttime  sky  on  the  performance  of  LIDAR  systems,  two 
coordinated  camera  and  photometer  systems  were  set  up. 

One  camera  looked  at  the  overhead  sky  with  a  small  FOV  (6°  or  3°) 
and  was  coordinated  with  a  vertically  pointing  all-sky  camera  with  a  160° 
FOV.  The  all-sky  camera  was  connected  to  an  animation  system  that  was 
driven  by  a  Commodore-64  computer  which  sent  a  signal  to  the  animation 
system  once  per  minute.  Upon  receiving  this  signal,  the  animation  system 
read  the  time  and  date  from  a  clock  and  transposed  it  onto  3/4"  video 
tape  as  part  of  the  frame  header.  The  video  recorder  simultaneously 
recorded  a  frame  of  the  input  video  signal  from  the  all-sky  camera  (a 
Sony  color  CCD).  This  time-lapse  system  was  set  up  on  the  roof  of  she 
Mobile  Infrared  Laboratory  (MIRL)  each  morning  and  allowed  to  run  until 
dark.  A  shadow-band  stand  was  used  to  block  the  sun  throughout  the  day 
and  neutral  density  filters  were  used  to  adjust  the  input  intensity 
levels  to  acceptable  values,  according  to  the  camera  sensitivity  and  the 
extent  of  the  solar  halo. 

The  second  camera/photometer  system  was  an  off-vertical  system, 
designed  to  scan  the  region  near  the  sun  to  look  at  the  solar  aureole, 
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i.e.  to  determine  the  variation  of  intensity  with  angle  away  from  the 
sun.  Hall  (1968)  and  Watt  (1980)  have  been  able  to  derive  particle  size 
distributions  and  cirrus  properties  from  the  slope  and  variability  of  the 
solar  aureole.  In  an  attempt  to  improve  upon  their  efforts,  a  super-VHS 
video  recorder  was  used  to  record  the  input  images  from  the  GE  TN2500  CCO 
camera  (17  mm,  f2.7  lens).  A  9°  solar  occultation  disk  was  used  with  the 
camera  seated  on  a  telescope  mount.  In  order  to  obtain  useful  aureole 
information  and  to  calibrate  the  camera  images,  the  photometer  elevation 
angle  was  frequently  adjusted.  It  was  set-up  with  a  2°  or  6°  FOV  and  two 
neutral  density  filters  (ND  4  +  ND  2)  so  that  it  could  safely  scan  across 
the  sun.  Using  the  viewing  objective  of  the  photometer,  the  sensor  was 
pointed  ahead  of  the  sun  and  the  Earth's  rotation  used  to  scan  at  a  known 
rate.  The  photometer  covered  15°  of  sky  in  approximately  one  hour  while 
the  video  recorder  could  run  for  two.  Once  the  sun  was  scanned,  the 
photometer  would  be  re-set  for  another  scan  and  the  process  repeated  so 
that  several  scans  could  be  made  every  day.  At  night  the  photometer 
filters  were  removed  and  the  f ield-of-view  widened  to  accomodate  the 
sensitivity  range  of  the  instrument  (the  vertically  pointing  photometer 
also  used  a  NO  4  filter  during  the  day  and  was  opened  up  to  a  3°  FOV 
without  filtering  at  night.) 

b.  Using  secant  scaling  to  determine  the  variation  of  sky  background 
with  zenith  angle  (as  per  Chapman,  1931),  the  typical  ratio  of  off-axis 
(approximately  65°  zenith  angle)  to  vertical  photometer  readings  should 
be  2.4:1.  Excluding  the  presence  of  clouds  and  the  sun,  this  reasonably 
agrees  with  the  results  obtained  (day  and  night).  Light  pollution  at 
night  is  a  problem  under  certain  sky  conditions  as  was  evidenced  by  the 
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photometer  readings  when  the  smoke  layer  was  overhead.  The 
off-axis:vertical  ratio  was  about  3.5:1  in  this  case,  indicating  an 
increase  in  the  amount  of  light  received  of  50%  over  the  norm.  The  smoke 
particles  probably  reflected  light  incident  from  the  city  of  Dayton  into 
the  FOV  of  the  off-axis  photometer.  We  believe  that  this  increase  is 
also  indicative  of  a  nonspherical  smoke  particle  habit  (shape). 
Spherical  particles  should  uniformly  scatter  obliquely  incident 
radiation;  however,  this  type  of  uniform  scattering  would  merely  support 
a  secant  law  effect.  Only  nonspherical  particles  can  enhance  scattering 
at  oblique  angles  (Takano  and  Liou,  1988). 

The  calibration  and  coordination  of  the  video  images  recorded  by 
the  two  camera  systems  will  be  done  by  "frame-  grabbing":  digitizing  an 
image  recorded  on  tape  and  storing  it  in  a  computer  file.  The  variation 
of  the  sky  background  can  then  be  analysed  in  more  depth.  However,  such 
an  effort  falls  beyond  the  scope  of  the  summer  project  and  will  be 
pursued  as  a  follow-on  task. 

IV.  LIDAR  DETECTOR  SYSTEMS 

a.  The  LIDAR  system  itself  could  also  be  used  to  determine  the 
photometric  sky  background,  but  only  at  a  single  wavelength  (0.53  ym) . 
The  laser  in  the  LIDAR  system  is  a  doubled  Nd:Yag  that  has  a  0.25"  beam 
at  the  aperture  with  a  2  milliradian  divergence  at  the  1/e  point.  The 
system  is  capable  of  operating  at  20  Hz  with  a  20  nanosecond  pulse  width 
and  35  mJoules/pulse  (it  also  emits  135  mJ/pulse  at  1.06  ym,  but  we 
were  not  set  up  to  utilize  that  frequency).  The  LIDAR  system  schematic 
is  shown  in  Fig.  1,  incorporating  a  14"  Celestron  collecting  telescope, 
the  laser,  a  fitted  photomultiplier  tube  and  a  linear  amplifier.  The 
output  is  passed  into  a  transient  recorder  and  digitizer  which  operates 
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at  10  MHz,  then  into  an  IBM  AT  personal  computer,  where  the  files  are 

stored.  Continuous  operation  of  the  system  is  possible  and  a  display  of 

the  raw  data  as  it  is  collected  is  provided.  Another  utility  of  the 

system  allows  the  user  to  re-scale  the  raw  data  files  and  to  apply 

2 

corrections  for  the  1/r  decrease  in  the  beam  intensity  and  for  the 

exponential  decrease  in  the  molecular  density  of  the  atmosphere 

z/H 

(e  ).  This  "range-converted"  display  can  also  be  re-scaled,  and  it 
provides  a  first-look  at  the  scattering  ratios  of  features  in  the 
atmosphere. 

b.  Figure  2  shows  a  typical  cloud  at  the  top  of  the  boundary  layer 

during  the  day.  The  curve  is  distributed  about  the  value  1,  since  this 
occurs  when  scattering  is  equal  to  that  of  a  purely  molecular  atmosphere 
(no  clouds  and/or  aerosols).  Peak  readings  indicate  that  the  cloud 
scatters  approximately  15  times  more  efficiently  than  the  background 
atmosphere.  Another  feature  seen  in  Figure  2  is  the  exponential  growth 
of  noise.  Since  the  signals  at  high  altitudes  are  very  small  and  an 
exponential  correction  is  being  applied  (the  smallest  noise  representing 
the  integer  mode  of  the  calculation),  they  tend  to  be  exaggerated.  This 
is  very  obvious  during  the  day,  and  less  obvious  at  night  (see  Fig.  3). 
In  addition  to  a  decrease  in  noise  at  night,  the  range  of  the  LIOAR 
system  also  increases.  The  daytime  scan  in  Fig.  2  is  only  accurate  to 
approximately  a  5.5  km  altitude  while  the  nighttime  scan  on  the  same  day 
shown  in  Fig.  3  is  accurate  to  about  16  km  (or  better).  The  reduction  in 
noise  is  typically  greater  than  a  factor  of  5-10.  The  dark  current  noise 
was  also  measured  (at  66°  F)  and  found  to  be  a  maximum  of  +18  counts/sec 
(or  photons/sec)  over  the  diurnal  observation  period.  The  mean  quiescent 
nighttime  background  photon  levels  during  the  ten  day  experiment  period 
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were  found  to  be  2140  (+18)  counts/sec,  while  the  daytime  levels  peaked 
at  3280  (+18)  counts/sec  in  the  early  afternoon.  This  gives  a  1.5:1 
ratio  of  daytime  to  nighttime  photometric  background  levels  at  0.53  pm 
(near  the  peak  of  the  solar  spectrum  at  0.55  pm). 

V.  SUB-VISUAL  CIRRUS 

a.  The  LIDAR  is  the  primary  means  by  which  sub-visual  cirrus  are 

detected,  though  the  measurement  of  the  solar  aureole  and  multi -spectral 
satellite  techniques  are  being  developed  as  useful,  operational  methods. 
The  LIDAR  was  operated  for  ten  days  in  the  MIRL  facility  in  front  of 

Building  622  at  WPAFB  during  both  daylight  and  nighttime  hours.  A  two 
man  system  was  required  to  satisfy  the  safety  office  concerns  for  air 
traffic  in  the  WPAFB  area.  This  limited  most  observation  periods  to  3-4 
hours,  mostly  in  the  afternoon  and  evening  hours.  We  believe  that  the 
presence  of  sub  visual  cirrus  clouds  should  be  associated  with 
discontinuities  or  "breaks"  in  the  tropopause,  i.e.  the  Inter-Tropical 
Convergence  Zone  (ITCZ),  south  of  the  jet  cores,  and  near  frontal 

boundaries.  This  is  in  agreement  with  evidence  provided  at  the  July  1988 
FIRE  meeting  (Starr  and  Cox,  1985). 

b.  The  detection  of  sub-visual  cirrus  clouds  is  weather  dependent. 

Ouring  the  time  the  experiment  was  in  operation,  two  fronts  passed 

through  the  Dayton  area.  We  were  not  able  to  detect  sub-visual  cirrus  on 

the  first  occasion  due  to  manpower  constraints;  however,  on  the  second 

occasion  high  altitude  cirrus  streaks  were  observed  to  Tove  through  the 
area  with  the  prevailing  winds.  Camera  images  verify  the  prest  'e  of  the 
thin  clouds  and  their  apparent  absence  as  well.  Figure  4  shows  an 

example  of  a  cloud  observed  when  the  LIDAR  was  apparently  looking  at  a 
visually  clear  sky.  The  cloud  feature  seen  in  Fig.  4  is  approximately 
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0.5  km  thick  and  at  an  altitude  of  11.25  km,  with  a  scattering  ratio  of 
about  12:1  (versus  4:1  as  expected  for  a  typical  cirrus  cloud  at  that 
altitude).  This  moderately  high  scattering  ratio  is  indicative  of  the 
possible  presence  of  nonspherical  ice  crystals.  The  LIDAR  was  set-up  to 
view  at  an  angle  of  approximately  3°  from  the  vertical,  so  that  specular 
reflections  are  not  a  problem  for  this  system.  Therefore,  we  conclude 
that  sub-visual  cirrus  clouds  were  observed  for  about  2.5  hours  with  a 
prevailing  wind  from  the  southeast  at  5  knots  (and  high  altitude  winds  of 
approximately  50  knots  from  the  west-southwest).  This  indicates  the 
presence  of  a  sub-visual  cirrus  cloud  band  that  is  approximately  240  km 
wide.  There  was  a  frontal  passage  24  hours  later,  accompanied  by 
rainfall.  This  finding,  though  solitary,  agrees  with  the  expectations 
that  we  have  concerning  the  presence  of  these  types  of  clouds;  therefore, 
we  conclude  that  sub-visual  cirrus  clouds  are  associated  with  frontal 
systems . 

VI.  SMOKE  LAYER  DETECTION 

a.  An  unexpected  result  of  our  experiment  was  the  observation  of  a 
smoke  layer  from  fires  in  the  western  United  States.  The  incidence  of 
the  smoke  layer  and  its  persistence  and  properties  were  monitored  for 
several  days.  The  LIDAR  monitored  the  thickness  and  persistence  of  the 
smoke  layer  via  the  scattering  ratio.  The  optical  depth  will  be  derived 
after  some  post-operation  analysis.  In  addition  to  the  LIDAR,  the 
all-sky  and  aureole  cameras  and  the  photometers  were  running. 

b.  Figure  5  shows  the  range-c  nverted  display  of  the  smoke  layer 

2 

between  a  3-5.5  km  altitude  range.  The  r  increase  in  scattering  ratio 
near  the  ground  is  an  artifact  of  the  saturation  of  the  linear  amplifier. 
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The  smoke  itself  appears  to  be  in  three  levels  or  layers  and  is  located 
1.5-2  km  above  the  boundary  layer.  Synoptic  information  for  this  period 
of  time  does  not  indicate  the  presence  of  any  inversions  in  the  altitude 
region  where  the  smoke  layering  is  located.  It  was  originally  detected 
on  September  8th  and  persisted  until  heavy  rains  on  the  afternoon  and 
evening  of  September  12th.  The  smoke  layer  was  optically  thin  as  is 
evidenced  by  Fig.  6,  where  a  thin  cloud  was  observed  overhead  through  the 
smoke  layer.  The  night  before  the  smoke  layer  was  detected  the  sky  was 
very  clear  and  stars  could  be  seen  to  within  10°  of  the  horizon.  On  the 
nights  that  the  smoke  layer  was  present  (especially  the  first  night)  no 
stars  could  be  seen  below  approximately  a  45°  zenith  angle.  The  ratio  of 
the  vertically  pointing  photometer  to  the  off-axis  photometer  (viewing  at 
a  65°  zenith  angle)  at  night  was  3.5:1,  not  2.4:1  as  expected,  a  factor 
of  50%  increase.  GOES  satellite  photographs  taken  near  sunrise  and 
sunset  (large  oblique  incidence  and  reflectance  angles)  show  the  plumes 
of  the  forest  fires  and  indicate  the  presence  of  the  smoke  layer  as  it 
apparently  follows  the  polar  jet  stream.  This  is  only  seen  in  the 
visible  photographs,  not  in  the  infrared  images  (to  date). 

VII.  RECOMMENDATIONS: 

a.  The  operation  of  a  HOAR  such  as  the  MegaLIDAR  during  daylight 
hours  is  feasible;  however,  the  range  and  resolution  will  suffer  due  to 
increased  background  photon  noise.  As  was  discussed  earlier,  the  range 
reduction  is  about  a  factor  of  three  from  night  to  day  time  observations 
with  a  factor  or  5-10  increase  in  noise.  This  means  that  daylight 
observations  should  occur  either  late  or  early  in  the  day.  If  90  km  is 
the  expected  nighttime  altitude  of  maximum  sensing,  then  this  means  that 
30  km  is  the  maximum  altitude  to  be  expected  in  daytime.  One  feature  of 
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the  MegaLIOAR  system  that  will  help  to  reduce  the  stray  photon  noise  is 
the  long  "telescope"  path  (the  mirror  is  at  the  bottom  of  a  150'  shaft 

built  in  the  center  of  Building  622,  WPAFB).  The  use  of  baffles  will 

help  reduce  the  amount  of  extraneous  noise,  both  external  and  internal. 

Synoptic  data  was  obtained  from  the  base  weather  station  and  I 
attended  a  weather  briefing  every  day  that  provided  educational  and 

stimulating  discussions.  The  Weather  Office  provided  temperature, 
pressure  and  dew  point  soundings,  as  well  as  GOES  photographs,  and  charts 
at  200-,  300-,  500-,  700-,  850-mb,  and  surface.  The  satellite 

photographs  provided  the  crucial  link  for  the  identification  of  the  smoke 
layer.  This  type  of  information  should  be  monitored  on  a  daily  basis  to 
ensure  optimal  operating  conditions  for  the  MegaLIDAR  and  other  LIDAR 

systems,  as  well  as  identification  of  features  of  interest  to  observers, 
b.  A  bonus  was  obtained  during  the  experiment  as  the  presence  of  a 
smoke  layer  from  forest  fires  in  the  northwestern  United  States  was  first 
detected  and  then  monitored  for  several  days  with  the  full  complement  of 
instruments  operating  during  both  daylight  and  nighttime  hours.  The  moon 
was  in  its  new  phase  in  the  ntiddle  of  the  ten  day  period  so  that  there 
was  no  extraneous  light  from  it  to  affect  the  LIDAR  or  the  photometers. 
Consequently,  the  nighttime  photometer  measurements  were  solely 
measurements  of  the  effects  of  the  smoke.  Derivation  of  parameters  of 
interest  (optical  depth,  particle  size  and  density,  and  nonsphericity) 
for  the  smoke  particles  will  be  done  as  follow-on  work.  In  addition  to 
providing  information  about  the  smoke  particles,  we  believe  that  the 
scattering  effect  seen  is  analogous  to  that  seen  in  the  infrared  near  sub 
visual  cirrus,  i.e.,  scattering  of  infrared  radiation  incident  from  warm, 
lower  clouds  into  the  FOV  of  sensors  by  hexagonal  crystals  may  be  the 
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primary  cause  of  the  11  pm  window-fill  phenomenon.  The  properties  of 
smoke  in  the  atmosphere  are  also  important  in  modeling  the  effects  of 
"nuclear  winter"  on  our  environment. 

c.  Computer  analysis  of  satellite  images  stored  on  magnetic  tape  is  an 
important  area  of  work  to  be  pursued  in  the  next  year.  Previous  work  by 
Schmidt,  et  al,  (1988)  has  indicated  the  existence  of  a  linear  relation 
between  the  7.2  and  11.2  micrometer  channels  of  a  cold  optics  radiometer 
when  a  radiometric  "knee"  (a  feature  associated  with  sub-visual  cirrus) 
was  detected.  This  indicates  the  possibility  of  multi-spectral  detection 
of  sub-visual  cirrus  with  verification  by  the  LIDAR.  AVHRR,  VAS,  GOES, 
and  DMSP  images  in  both  the  infrared  and  visible  are  being  collected  and 
archived  for  analysis  at  Georgia  Tech.  Analysis  of  the  images  to  look 
for  the  presence  of  the  smoke  layer  will  also  be  pursued. 

d.  Analysis  of  the  all-sky  and  aureole  camera  images  is  also  an  area 
of  interest.  Photographic  detection  and  parameterization  of  cirrus 
clouds  has  been  done  by  Hall  (1968)  and  we  are  looking  to  improve  on  this 
method  by  using  frame-grabbing  (or  image  digitization)  to  store  the 
images  on  a  computer  to  allow  digital  analysis  of  the  observations . 
Information  on  the  smoke  layer,  sub-visual  cirrus,  typical  cirrus,  and 
low  and  mid-level  clouds  can  be  uniquely  gained  through  calibration  with 
the  photometers  for  both  camera  systems.  A  study  of  the  variation  of  the 
background  photon  noise  levels  can  also  be  gained  from  analysis  of  the 
camera  images.  Comparison  of  the  results  with  the  background  radiance 
levels  predicted  by  atmospheric  model  codes,  initialized  with  the 
synoptic  information  gathered  is  planned.  This  means  that  a  unique 
"equivalent  cloud"  detection  method  can  be  explored  through  follow-on 
work . 
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Figure  1.  Sub-visua.  Cirrus  lidar  (“mini-lidar") 
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Figure  2.  Typical  daytime  lidar  scan  showing  cloud  at  top 
of  boundary  layer. 
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Figure  3.  Nighttime  lidar  scan  showing  increased  range  and 
reduced  noise  levels. 
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Figure  4.  Sub-visual  cirrus  cloud  detected  during  day. 
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Figure  5.  Three-level  smoke  layer  detected  on  9/8/88. 
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Figure  6.  Optically  thin  smoke  layer  detected  below  cloud 
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ABSTRACT 


Adaptive  Arrays  and  Beam  Forming  are  used  extensively  to  enhance  a  de¬ 
sired  signal  and  adaptively  cancel  or  null  jammers  and  other  interferring  signals.  In 
adaptive  processing  using  the  Applebaum  adaptive  array  approach,  a  steering  vector 
is  used  to  steer  the  array  in  the  direction  of  the  desired  signal.  It  has  beeen  shown  by 
Compton,  Jr.  that  errors  in  the  steering  vector  elements  cam  cause  a  rapid  drop  in 
the  output  signal-to-interference-plus-noise  ratio  (SINR)  and  that  the  drop  becomes 
larger  as  the  number  of  elements  in  the  array  is  increased.  In  ibis  report,  we  show 
that  the  sensitivity  of  the  output  of  the  array  processor  to  errorc  in  the  steering  ele¬ 
ments  can  be  minimized  by  going  for  alternate  architectures.  We  also  point  out  other 
advantages  of  such  architectures. 
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in  other  armed  services  to  go  for  adaptive  arrays  consisting  of  larger  (64  to  256) 
number  of  sensors.  Several  researchers  have  presented  various  methods  to  reduce 
the  problem.  Hence  architectures  or  approaches  that  will  minimize  the  sensitivity 
of  the  array  output  to  element  variations  are  needed.  Hong  et.  al.  [11]  propose  to 
combine  Widrow  and  Applebaum  methods;  a  middle  of  the  road  solution  since  while 
the  LMS  portion  reduces  the  effect  of  steering  error,  it  also  lessens  the  optimality  of 
the  Applebaum  array.  Random  noise  injection  was  also  considered  but  this  will  also 
lead  to  desensitivity  of  array  to  interested  signals.  In  the  next  section,  we  propose 
altenative  architectures  for  the  beamforming  arrays  and  discuss  their  advantages. 

II  PROBLEM  FORMULATION  AND  SOLUTION 

Consider  and  adaptive  linear  array  with  N  elements  with  half  wavelength  spacing 
as  shown  in  Fig.  1.  Denoting  by  2j(t),  the  analytic  signal  received  by  element  j  (1  < 
j  <  N),  Wj  the  complex  weight  for  the  j-th  signal,  s(f)  the  array  output,  W  — 
[u>i,u>2,  •••  u>w]T  the  weight  vector,  Wt  =  [u/,x,  U7s2,  •••,  Wjjv]r  the  steering  vector, 
X  —  [xx(f),  x2(f), ...,  xjv(i)]T  the  signal  vector,  <f>  =  E(xmxT)  the  covariance  matrix 
where  T  denotes  transpose  and  *  complex  conjugate,  W  is  calculated  from  the  sensor 
signal  as 

w  =  $~1wt  (1) 

If  the  received  signal  ij(t )  consists  of  the  desired  signal  dj(t),  one  interference 
signal  tj(f)  and  the  thermal  noise  n;(f),  the  expressions  for  the  output  desired  signal 
power  Pj,  output  inteference  power  P,),  output  noise  power  Pn  and  output  SINR  as 
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I.  INTRODUCTION 


During  the  last  twenty  years,  different  approaches  have  been  proposed  for 
designing  systems  that  can  track  a  desired  signal  and  provide  protection  against 
jamming  and  other  interference  signals.  Such  systems  are  highly  useful  in  defense 
radar  and  communication  applications.  Beam  forming,  that  is,  the  mixing  of  weighted 
and  delayed  version  of  signals  at  an  array  of  sensors  is  one  such  technique  that  leads  to 
an  increase  in  the  signal-to-interference-plus-noise  (SINR)  ratio  of  the  received  signal. 
The  weights  are  adapted  in  real  time  to  account  for  the  time  varying  characteristic 
of  the  jamming  and  interfering  signals. 

The  methods  by  Applebaum  [1],  [2]  and  Widrow,  et  al  [3]  and  their  variations  [?] 
for  example  are  used  quite  frequently  for  adaptive  beam  forming.  The  Applebaum 
method  uses  a  steering  vector  in  the  feedback  loop  of  the  adaptive  beam  forming 
network  while  the  method  of  Widrow  relies  upon  a  reference  signal  to  track  the 
desired  signal. 

Compton,  Jr.  considered  the  effects  on  array  performance  of  random  steering 
vector  errors  [4]  and  the  effect  of  beam  forming  errors  [6]  (i.e.  when  the  supplied 
look  direction  is  different  from  the  actual  desired  signal  arrival  angle).  He  showed 
that  very  small  errors  in  the  steering  vector  can  cause  large  degradation  in  the  output 
SINR  and  the  situation  becomes  worse  as  more  elements  are  added  to  the  array  and  as 
the  received  desired  signal  power  becomes  larger  (the  subjects  of  error,  imperfection 
or  precision  requirements  are  explored  to  some  extents  also  by  other  researchers  in 
[7] ,  [8],  [9],  [10]).  However,  there  is  a  great  push  in  the  Air  Force  and  perhaps 
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a  function  of  errors  in  the  steering  elements  are  given  by  [4]: 


ft  =  (0)  K +  2«lTrace(i;'$dA;')} 

(2) 

Pi  =  (0)  [W?*;'®**;1  +2ffi7Yace($71$„*;>)] 

(3) 

ft  =  (0)  K*;1®;1  +  2^rra«(4>;' V)] 

(4) 

^ - (ft + ft) 

(5) 

The  expressions  have  been  calculated  assuming  the  errors  in  the  steering  vector 
elements  to  be  random  with  zero  mean  and  variance  o-*,  where  K,  is  an  arbitrary 
constant,  (f>do,  <£lo,  <f>no  are  the  normalized  covariance  matrices  respectively  of  the  de¬ 
sired  signal,  interference  and  noise,  is  the  sum  of  these  three  matrices  and  ^  is 
the  input  SNR.  (The  reader  can  refer  to  ref.  [4]  for  a  complete  description  of  all  the 
variable  involved). 

In  Fig.  2,  we  show  the  output  SINR  as  a  function  of  a *  for  the  case  where  a 
desired  monochromatic  (fractional  bandwidth  Bd  —  0)  signal  arrives  at  the  broadside 
( &d  =  0°)  with  a  SNR  of  OdB  and  no  interference.  This  is  the  case  where  SNR  is 
zero  dB  or  noise  is  equal  to  signal,  a  bad  scenerio  but  in  this  case  there  are  still  some 
advantages  in  using  more  elements  on  the  array.  In  Fig  3,  all  other  factors  remain 
the  same  as  Fig  2  except  that  the  SNR  improved  to  10  dB,  still  a  less  than  normal 
situation.  From  the  figure,  it  is  obvious  that  the  higher  value  of  N  or  the  number  of 
sensor  elements  on  the  beam  forming  array,  the  smaller  the  tolerance  of  the  array  for 
the  error  in  the  steering  vector  (represented  by  variance  <7W).  Fig.  4  describes  a  better 
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situation  for  the  received  signal  where  the  SNR  is  20  dB.  One  concludes  that  with 
this  type  of  arrangement  (Fig  1  beam  former)  the  more  element  sensors  one  has  on 
the  array  the  worse  his  system  performs  except  with  very  small  or  no  steering  vector 
errors.  In  real  life  scenerio,  besides  having  signal  of  20  to  30  dB  over  noise,  one  also 
has  interference  or  jamming  signal  from  friendly  or  unfriendly  sources.  As  shown  in 
Fig  5  and  6,  when  with  interference  (f?,-  =  0)  at  =  30°  with  interference  to  noise 
ratio  (INR)  of  40dB,  the  tolerance  of  large  arrays  for  steering  vector  error  becomes 
even  more  critical;  giving  the  same  error  variance  aw,  one  probably  may  be  better  off 
with  a  small  array  or  even  just  one  sensor  than  a  larger  array. 

Thus  efforts  to  increase  the  accuracy  of  adaptive  FIR  steering  beamformers  by 
increasing  the  number  of  sensors,  and  consequently  the  number  of  elements  in  the 
weight  vector  array,  would  meet  with  limited  success  due  to  the  fact  that  the  detri¬ 
mental  effects  of  random  steering  errors  on  the  beamformer  performance  also  increase 
with  the  number  of  sensors.  This  self-defeating  phenomenon  points  to  the  need  of  a 
new  approach  to  better  adaptive  FIR  steering  beamformer  array  performance. 

Current  beamformers  use  direct  form  (Fig  1)  realizations  for  combining  the  sensor 
inputs  to  evaluate  the  accuracy  of  the  particular  pole  (steering  angle)  realization. 
Such  a  realization  have  an  inherent  limitation  -  that  of  sparse  pole  realizations  in 
the  z-domain  [12].  This  leads  to  greater  sensitivity  of  their  performance  to  round-off 
errors  due  to  finite  precision,  since  the  probability  and  closeness  of  their  achieving  a 
particular  performance  point  (pole)  is  limited  by  how  close  a  value  the  selected  preci¬ 
sion  allows.  If  the  density  of  realizations  of  pole  realizations  in  the  z-domain  were  to 
be  higher,  this  sensitivity  is  mitigated,  since  the  probability  and  closeness  of  achiev- 
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ing  a  particular  pole  realization  is  better.  This  is  the  approach  we  take,  and  propose 
the  cascade  form  realization  of  the  FIR  beamformer  as  a  improved  alternative.  The 
cascade  form  realizations  are  characterized  by  the  higher  density  of  pole  realizations 
which  is  what  this  effort  is  aimed  at  achieving.  Put  it  another  way,  with  cascade 
form,  large  numer  of  elements  arrays  are  less  sensitive  to  error  in  the  steering  vector. 
Furthermore,  cascade  structure  beam  forming  array  such  as  one  in  Fig  7  would  not 
change  the  beam  forming  array  algorithm  considerably. 

For  the  direct  form  beam  forming  array  the  steering  vector  is  represented  by: 

W,  =  KtW0  [l,  e^'2*- ““*<*,  . ?  ej(N- l)»«n^]T  (6) 

and  the  signal: 

X  =  [ii  ( t ),  x2(t),  -m  xN{t)]T  (7) 

Output  of  the  array  may  be  in  the  form 

y(t)  =  K,W0  [xx(t)  +  x2(t)e*«*e*  +  ...  +  (8) 

While  the  output  of  the  cascade  form  such  as  in  Fig  7  will  be: 

=  K.W„  [x,(!)  +  xj(<)e",to*‘  +  ...  + 


which  is  similar  to  output  of  direct  form. 


Fig  8, 9  and  10  is  the  SINR  of  the  cascade  form  with  cr*  for  the  fractional  bandwidth 
Bi  —  0,  signal  arrival  angle  6d  =  0°  with  a  SNR  of  0,  lOdB  and  20  dB,  respectively 
with  no  interference,  for  array  of  2,  4,  8,  16,  32  and  64  sensors  with  2  sensor  sub  unit. 
Fig.  11  and  12  show  SINR  of  arrays  of  3,  9,  27  and  81  sensors  with  3  sensor  sub  unit. 

IV  FUTURE  RESEARCH 

From  initial  research,  we  conclude  that  the  sensitivity  of  Applebaum  array  to 
steering  vector  error  is  due  to  array  structure  similar  to  the  same  effect  in  digital  filters; 
for  digital  filters  realizations,  altenate  architectures  have  been  proposed  and  used  to 
reduce  the  effect  of  error  in  the  coefficient  due  to  quantization,  precision  limitation, 
etc.  Thus,  changing  the  beam  forming  algorithm  to  accommodate  for  the  steering 
vector  error  may  not  be  necessary  or  effective  as  a  change  in  the  array  architecture. 
Cascade  structure  is  one  candidate  form  for  the  problem  solution.  One  such  structure 
is  shown  in  Fig  7.  While  the  array  in  Fig  7  is  sub-divided  into  basic  unit  of  two  inputs 
and  two  steering  weights  each,  this  is  not  necessary  the  optimal  form:  three  inputs 
basic  unit  or  other  arrangements  probably  would  do  as  well.  Further  simulation  would 
have  to  be  done  to  check  the  effect  of  interference  signals  on  different  forms  of  cascade 
structure;  from  the  interference  signal  consideration,  an  interferencing  signal  will  be 
canceled  by  and  at  each  sub  unit  separately  or  is  it  a  join  effort  of  the  whole  array.. 
Also,  the  cascade  form  with  clear  division  or  isolation  of  input  sensors  from  second 
stage  while  easier  to  put  in  mathematical  form  and  to  simulate,  is  not  necessary  the 
optimal  way  either. 
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ABSTRACT 

The  report  that  follows  is  a  discussion  of  the  results  of  the  research  conducted  under 
government  contract  project  #  210,  contract  number  F49620-88-C-0053  on  the  formal 
verification  of  digital  circuit  designs  specified  in  the  VHDL  description  language.  It 
describes  a  method  of  logic  extraction  using  executable  Prolog  grammars,  and  the 
extensions  of  such  a  scheme  to  mechanical  theorem  proving.  The  work  included  here 
was  conducted  in  cooperation  with  Dr.  David  Hemmendinger,  and  should  be  viewed  in 
conjunction  with  his  report. 
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L  INTRODUCTION 

The  goal  of  the  fellowship  this  summer  was  to  look  at  methods  of  formal 
verification  of  VLSI  design.  Although  not  an  electrical  engineer,  I  have  been  working 
in  the  areas  of  logic  and  concurrent  programming  for  the  past  year,  and  became  con¬ 
vinced  by  the  arguments  of  Dr.  Hemmendinger  that  the  design  language  VHDL  lent 
itself  to  a  formal  analysis  of  the  type  applied  to  concurrent  programs.  With  the  drive 
to  standardize  VHDL,  there  is  also  a  clear  need  for  some  sort  verification  process 
beyond  simulation.  To  that  end  the  project  presented  here  was  undertaken. 

The  bulk  of  the  literature  on  VLSI  verification  centers  on  the  simulation 
approach.  Specifically,  that  one  builds  a  state  machine  description  of  the  circuit,  and 
gives  it  a  "complete"  set  of  input  to  discover  its  correctness.  Conversely,  some  take 
the  proof  theoretic  approach  and  quickly  become  mired  in  human  directed  mechanical 
proofs  that  are  obscure  to  those  not  familiar  with  such  methods.  After  looking  at 
VHDL  and  some  of  the  newer  automated  proof  systems,  specifically  Cambridge  LCF 
and  its  derivative  HOL,  it  seemed  possible  to  automatically  extract  descriptions  of  cir¬ 
cuits  that  would  be  understandable  to  such  mechanical  provers. 

In  order  to  accomplish  the  derivation  of  such  descriptions,  a  method  had  to  be 
implemented  for  extracting  the  first-order  logic  definitions  of  circuits.  To  that  end,  an 
executable  Prolog  grammar  was  developed  to  parse  VHDL  specifications.  A  descrip¬ 
tion  of  the  results  of  the  utilization  of  that  grammar  follows. 
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IL  OBJECTIVES 

With  the  broad  task  of  investigating  VLSI  verification  as  the  objective  of  the 
effort,  it  became  clear  that  the  whole  needed  to  be  broken  down  into  subgoals. 
Specifically,  to 

1.  Become  familiar  with  the  current  literature  on  hardware  verification. 

2.  Gain  an  understanding  of  VHDL. 

3.  Apply  some  of  the  ideas  found  in  (1)  to  VHDL  to  perhaps  gain  new  insight  on 

the  problem. 

In  the  process  of  familiarizing  ourselves  with  VHDL,  we  found  some  bugs  in  the  Beta 
version  of  the  VHDL  1076  simulator.  While  finding  and  documenting  them  increased 
our  knowledge  of  the  language  and  led  to  some  interesting  questions  about  it,  the 
whole  process  did  leave  some  doubts  as  to  the  actual  implementation  of  some  of  the 
attributes  mentioned  below,  particularly  the  process  model.  Where  there  was  confu¬ 
sion,  the  Language  Reference  Manual  was  followed  as  closely  as  possible. 

Having  arrived  at  (3)  above,  it  became  clear  that  the  VHDL  assert  statement  was 
a  powerful  meta-statement  for  describing  the  workings  of  the  circuit  in  question.  The 
fact  that  these  assertions,  and  eventually,  the  theorem  proving  definitions,  had  to  be 
extracted  on  the  fly,  led  to  the  development  of  an  executable  Prolog  grammar  for  the 
parsing  of  VHDL  descriptions.  The  rapid  prototyping  provided  by  Prolog  made  much 
of  the  work  presented  here  possible. 

IDL  THE  GRAMMAR 

The  basic  construction  of  the  grammar  was  taken  directly  from  the  context-free 
definition  of  the  language  found  in  the  VHDL  Language  Reference  Manual.  The 
grammar  in  the  LRM  could  not  be  translated  directly  into  Prolog  grammar  notation, 
and  obtain  complete  determinism  in  its  execution.  As  a  consequence,  modifications 
were  made  that,  while  preserving  the  meaning  of  the  original,  optimized  its  execution. 

The  VHDL  statements  that  are  currently  supported  are  signal  and  variable  assign¬ 
ments,  if  and  case  conditionals,  as  well  as  the  block,  process  and  architecture  state¬ 
ments.  The  assertions  formec.  are  put  together  in  the  same  pass  as  the  parsing  of  the 
VHDL  code,  and  therefore  are  not  terribly  expensive  to  generate.  The  primary 
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assumption  made  was  that  the  VHDL  had  already  been  analyzed.  Although  the  gram¬ 
mar  will  generally  not  parse  VHDL  that  is  incorrect,  it  was  not  implemented  to  guard 
against  possible  infinite  evaluations  if  given  bad  code. 

IV.  THE  ASSERTION  STATEMENTS 

Once  a  workable  program  had  been  developed,  it  became  possible  to  develop  and 
try  out  ideas  on  how  the  assertion  statements  should  look.  The  signal  assignment 
statement  was  chosen  as  the  first  primitive  operation  to  look  at  A  sample  one  might 
look  like: 

Output  <=  Ini  and  In2  after  40  ns; 

where  Output,  Ini,  and  In2  are  all  signals.  It  is  an  example  of  inertial  delay,  namely 
that  Output  gets  the  result  of  anding  Ini  and  In2  if  and  only  if  those  signals  have  been 
held  stable  for  40  ns.  As  an  assertion,  it  would  take  the  form: 

ASSERT  (NOT  (Inl’STABLE(40ns)  AND 
In2’STABLE(40ns)) 

OR 

(Output  =  (In  1  ’DELA YED(40ns)  and  In2’DELAYED(40ns)))); 

Although  not  immediately  discemable,  this  is  a  simple  if-then  construct  stating  that  if 
both  Ini  and  In2  have  been  stable  for  40  ns,  then  Output  is  equal  to  the  and  of  Ini 
and  In2  40  ns  ago.  A  less  complicated  variation  of  the  same  signal  assignment  is  sim¬ 
ply  to  switch  from  inertial  to  transport  delay: 

Output  <=  transport  Ini  and  In2  after  40  ns; 

The  result  is: 

ASSERT  (Output  =  (Inl’DELAYED(40ns)  and  In2’DELAYED(40ns))); 

where  no  statement  of  stability  is  needed.  The  value  of  Output  takes  on  whatever  the 
result  of  anding  Ini  and  In2  is  after  40  ns. 

With  the  underlying  logic  of  basic  signal  assignments  in  place,  we  can  look  at 
their  incorporation  into  more  complex  VHDL  statements,  in  particular,  if  and  case 
statements.  If  statements  provide  a  construction  similar  to  the  one  used  in  signal 


assignments.  Specifically,  if  we  wanted  to  say: 

if  A  then 
B; 

elsif  C  then 
D; 
else 
E; 

end  if; 

The  corresponding  assertion  would  look  like: 

ASSERT  ((NOT  A  OR  B)  AND 

((A  AND  NOT  C)  OR  D)  AND 
((A  AND  C)  OR  E)); 

Note  that  the  assertion  statement  takes  into  account  information  implicit  in  the  con¬ 
struction  of  the  if  statement.  Case  statements  are  a  special  case  of  if  statements;  and 
as  such  have  assertions  that  look  much  the  same.  For  example, 

case  A  is 
when  B  =>  C; 
when  D  =>  E; 
end  case; 


Looks  like 


ASSERT  ((NOT  (A  =  B)  OR  C)  AND 
(NOT  (A  =  D)  OR  E)); 


when  made  into  an  assertion. 

So  far,  we  have  seen  individual  sequential  statements,  but  VHDL  descriptions  are 
certainly  made  up  of  more  than  these.  It  is  the  case,  however,  that  when  constructing 
an  assertion  to  deal  with  the  a  block  of  statements,  the  whole  is  made  up  of  the  con¬ 
junction  of  the  individual  parts.  For  example,  the  code: 
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architecture  PROCESS _IMPL  of  CONTROLLED _CTR  is 
signal  ENIT,  ENIT1,  STRB  :  BIT; 
begin 
DECODE: 
process  (STRB) 

variable  CONREG  :  BIT  :=  ’O’; 
begin 

if  (STRB  -  *1’)  then 
CONREG  :=  CON; 
case  CONREG  is 

when  =>  CONSIG  <=  "1000"  after  ENCDEL; 
when  =>  CONSIG  <=  transport  ENIT  after  ENCDEL; 
ENITl  <=  CONSIG  after  IENDEL; 

end  case; 
end  if; 

end  process  DECODE  ; 

STRB  <=  STRB1  after  100  ns; 
end  PROCESS _IMPL  ; 

produces  the  following  assertions  (edited  and  highlighted  for  clarity): 


—  For  process  DECODE  the  following  can  be  asserted: 


ASSERT 

( 

( 

(  NOT  (strb  =  ’1’)  OR 

( 

(conreg  =  con) 

AND 

( 

(  NOT  (conreg  =  ’O’)  OR 
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( 

( 

( NOT  TRUE  OR 
(consig  =  "1000") 

) 

) 

) 

) 

AND 

(  NOT  (conreg  =  ’1’)  OR 

( 

( 

(consig  = 

enit’DELAYED(encdel) 

) 

) 

AND 

( 

(  NOT  consig’ STABLE(iendel)  OR 
(enitl  =  consig ’DEL A  YED(iendel)) 

]; 

—  For  architecture  CONTROLLED_CTR  (PROCES  S  IMPL), 

—  the  following  assertion  has  been  made: 

ASSERT 

( 


—  Remember,  assertions  made  on  process  DECODE 

-  are  also  implicitly  true. 
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( 

( 

(NOT 

strbrSTABLE(lOOns)  OR 
(strb  =  strbl’DELAYED(  100ns)) 

]; 

It  is  obvious  that  these  assertions  should  be  universally  true.  They  are  also  a  first 
step  towards  the  extraction  of  a  logical  definition  of  the  circuit  that  is  understandable 
to  a  theorem  prover.  They  were  particularly  helpful  in  finding  out  what  certain  VHDL 
statements  meant  Although  Version  1  of  the  simulator  was  not  obtained  until  the  last 
week  of  the  project,  the  grammar  required  little  or  no  modification  to  agree  with  it 

V.  THE  HOL  DESCRIPTIONS 

The  next  phase  of  the  project  is  to  go  in  a  direction  similar  to  H.G.  Barrow’s 
Verify  program.  Namely,  determining  logically  if  two  definitions  of  a  circuit,  one 
derived  from  the  circuit  itself,  the  other  given  as  the  specification,  agree.  While  Verify 
utilized  Prolog  exclusively  for  this,  we  feel  that  the  product  HOL,  developed  by 
Michael  Gordon  at  Cambridge,  provides  the  most  promise  in  the  area.  Although  not 
intimately  familiar  with  HOL  and  Cambridge  LCF  at  present,  I  am  able  to  describe 
how  the  signal  assignment  statements  mentioned  earlier  should  look.  For  example, 
transport  delay  can  be  expressed  as 

Out  <=  transport  In  after  40  ns; 

and  its  corresponding  HOL  statement  might  look  like 

!t.  Out  t  =  «t  <  40)  =>  F  |  In  (t  -  40)) 

where  (!)  is  universal  quantification  and  (|)  is  the  conditional  operation.  The  statement 
reads  "for  all  times  t,  Out  at  time  t  is  In  at  time  t  -  40  as  long  as  t  is  greater  than  40, 
else  it  is  false  (0)."  Inertial  delay  takes  on  a  more  complicated  syntax.  A  simple  state¬ 
ment  like 

Out  <=  In  after  40  ns; 
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becomes 


It.  Out  t  =  (!t\  (((t*  =<  t)  A 

(t’  >=  t  -  40)  A 

'  (In  (t  -  40)  =  In  (t’)))  =>  In  (t  -  40)  |  Out  t)) 

meaning  "for  all  times  t.  Out  at  time  t  is  In  at  time  t  -  40  as  long  as  In  remained  con¬ 
stant  (stable)  over  the  interval  t\  else  it  stays  the  same." 

I  have  been  able  to  extract  statements  that  look  like  the  above  by  changing  only 
the  syntax  of  the  statements  output  from  the  grammar,  while  leaving  the  grammar 
itself  unchanged.  Currently,  we  are  trying  to  get  a  copy  of  HOL  in  order  to  become 
more  familiar  with  it,  and  to  discover  how  to  best  construct  statements  of  the  kind 
mentioned  above.  It  should  also  be  possible  to  construct  HOL  theories  to  expand  the 
default  set  included  with  the  product.  These  new  items  would  be  specific  to  the  nature 
of  the  construction  of  VHDL  statements,  as  well  as  the  underlying  implementation  of 
the  language. 

VI.  RECOMMENDATIONS 

The  work  this  summer  has  been  particularly  fruitful.  We  have  become  aquainted 
with  VHDL  and  its  simulator,  a  program  has  been  written  to  extract  logical  definitions 
of  circuits  described  in  VHDL,  and  a  method  to  utilize  those  definitions  in  the 
verification  of  circuit  designs  has  been  proposed.  Along  the  way,  we  became 
aquainted  with  the  literature  on  verification,  and  similar  efforts  in  the  area.  The  work 
shows  promise  but  was  naturally  limited  by  the  time  frame  of  the  contract. 

As  a  consequence,  we  propose  to  continue  the  work  through  the  support  of  a 
mini-grant.  As  mentioned  by  Dr.  Hemmendinger  in  his  report,  this  would  include 
further  development  of  the  grammar,  more  work  on  the  translation  to  HOL,  and  the 
development  of  HOL  theories  to  make  the  verification  possible. 
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LARGE  FLEXIBLE  SPACE  STRUCTURES 


by 

Susan  M.  Dumbacher 

ABSTRACT 


With  the  reality  of  space  existence  so  near  at  hand,  it  is  imperative 
that  man  keep  up  with  the  technology  required  to  achieve  these  lofty  goals. 
With  this  in  mind,  the  topic  of  structural  control  of  Large  Flexible  Space 
Structures  (LFSS)  is  indeed  an  important  one.  To  separate  the  fields  of 
structures  and  controls  in  this  case  would  be  to  ignore  the  problem  as  a 
whole  and,  hence,  it  is  desired  to  effectively  control  a  LFSS  with  the 
minimum  structural  weight  required.  From  this  standpoint,  various 
parameters  of  the  LFSS  and,  in  particular,  modal  positions  and  velocities, 
must  be  determined  to  utilize  effective  feedback  control  to  damp  out 
unwanted  vibrations.  The  purpose  of  this  study  is  to  evaluate  the  possible 
types  of  estimation  of  these  modal  positions  and  velocities  anc, 
specifically,  to  investigate  the  performance  and  robustness  of 
Suboptimal/occentralized  filters  as  opposed  to  :er.traiized  filter's. 
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A  Large  Flexible  Space  Structure  (LFSS)  is  a  space  structure 
character ized  by  low  inherent  damping  on  the  order  of  it,  low  and  closely 
spaced  frequencies,  and  an  infinite  number  of  modes  required  to  completely 
describe  the  motion  of  the  system.  This  class  of  structures  includes  the 
space  station,  large  antennas,  solar  sails,  solar  power  satellites,  space 
telescopes  as  shown  in  Figure  1,  and  other  structures  which  may  apply.  As  a 
result  of  low  damping  inherent  in  LFSS,  it  is  necessary  to  suppress  unwanted 
vibrations  caused  by  disturbances  or  motion  of  the  LFSS  —  disturbances  may 
include  solar  wind  or  debris  while  motion  of  the  LFSS  may  result  from 
pointing  or  docking  maneuvers.  Modal  control,  or  the  damping  of  selected 
modes,  is  one  way  to  achieve  vibration  suppression.  It  is  then  necessary  to 
formulate  the  problem  in  modal  form  as  given  in  [Ref  1J. 

The  basic  equations  of  motion  for  a  structure  are 

[M]  3  ♦  [C]  g  ♦  [K]  g  -  Q  (eq  1  ) 

where  [M],  [C]  and  [K]  are  the  mass,  damping  and  stiffness  matrices,  and  Q 

is  the  force  vector  acting  upon  the  structure.  Since  LFSS  generally  have 
very  low  damping,  an  assumption  of  [C]  ■  0  is  valid;  a  small  damping  term 
will  be  added  at  a  later  time.  To  decouple  (eq  1),  introduce  the  linear 
transformation 

g(t)  -  [U]  n(t)  (eq  2) 

where  [U]  is  the  modal  matrix  and  n(t)  is  a  generalized  coordinate.  (Eq  1) 
then  becomes 
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[M]  :u:  r.  ♦  [X]  [Uj  n 


,,T 


Premultiplying  (eq  3)  hy  [UI  and  normalizing  fU(  sue::  that  its  amplitude  is 
no  longer  arbitrary  via 

[U]T[M]  [U]  -  [I]  (eq  4a) 

[U]T[K]  [U]  -  hwL.]  ,  (eq  4b) 

2 

where  £“w--j  is  a  diagonal  matrix  of  the  squares  of  the  eigenvalues,  and 


[U]  Q  *  N,  yields 


n  ♦  f-wtL.]  n  »  N  . 


(eq  5) 


For  simplicity,  a  pinned-pinned  beam  structure  will  be  presented  as  an 
example.  The  fourth  order  equation  for  a  beam,  as  cited  in  [Ref  1],  is 


32v(x,t)  a\(x,t)  . , 

m  1  -  El  ”■■■£ . 1 .  »  f(x,t) 

3t;  3x 


(eq  6) 


where  El  is  the  stiffness,  y(x,t)  is  the  displacement  of  the  beam  and  f(x,t) 
is  the  force  distribution  applied  to  the  beam.  Assuming  that  free  vibration 
occurs,  i.e.  f(x,t)-0,  and  that  y(x,t)  is  separable  in  time  and  space  as 
y(x,t)  *  q( t )  U(x)  ,  (eq  7) 

then  the  solutions  to  (eq  6)  obey 

2 


q  +  w  »  0 
.,(4) 


(eq  o) 


and  IT'  ♦  (m  w'/EI)  U  =  0  .  (eq  9) 

Solving  this  pinned-pinned  beam  problem  (eq  3)  for  the  natural  frequencies, 

w  ,  ana  the  mode  shapes,  U  ,  yields  the  values 
n  n  J 


wn  ■  (nit )^/ EI/(nL^ )  ,  n-1,2,...,«  (eq  Ma) 

(eq  1 Cb ) 


U  (x)  -  A  sin(nirx/L) 
n  n 
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7:'.?:  mode  shapes  are  arbitrary  in  amplitude,  A  .  hornalizir.r  ouch  that 


_/“m  U  ‘  ( x ;  dx  -  1 
0  n 


(eq  11) 


gives 


U  (x)  *  /  2/ir.L  sin(nirx/L)  . 
n 


(eq  12) 


The  total  displacement  and  velocity  of  the  beam  can  then  be  represented  as 
the  sum  of  the  mode  shapes  multiplied  by  the  generalized  coordinates: 


y(x,t)  -  n|1  Un(x)nn<t) 


(eq  13a) 


y(x,t)  -  nE,  Un(x)nn(t) 


(eq  13b) 


The  simple  beam  example  used  throughout  this  study  is  a  pinned-pinr.ed 
beam  with  an  arbitrary  impulse  force  applied  as  shown  in  Figure  2.  Let  the 
state,  x,  be  defined  as 


x  -  Cnl  hi  :  n2  n2  :  ...  :  nn  nn3 


(eq  1 ) 


where  n  i  and  n  ^  are  the  i  modal  position  and  velocity,  respectively. 
The  state  space  formulation  then  becomes 


x  -  A  x  +  B  u 


(eq  15a) 


y  «  C  x 


(eq  15b) 


,  .  =  o  ,  ano 

1  “W  .  -J.C  w . 

1  11 


C  -  [0  C i  :  0  C2  :  ...  :  0  Cn  ]  . 

The  matrix  C  takes  the  above  form  for  a  velocity  sensor  and,  with  the 
assumption  that  the  actuators  and  the  sensors  for  the  LFSS  are  collocated, 


B-C  .  The  damping  term  is  included  in  the  dynamics  matrix  A  here  to 
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rep  resent  the  slight,  damping  inherent  in  the  structure 
the  d-  couples  form  of  the  equations. 

The  basic  estimator  equation  is  given  by 


without  destroying 


x-Ax+3u+Kp(y-Cx) 


(eq  16) 


where  x  is  the  estimated  state  and  Kp  is  the  filter  gain  determined  by  the 
standard  gain  matrix  and  Riccati  equations,  as  given  in  [Ref  2].  For 
optimal  estimation,  the  following  occur:  x  is  the  complete  state  of  the 


system;  all  of  the  information  is  processed  centrally  in  an  optimal  manner; 
and  the  best  possible  estimate  of  the  system  for  the  given  set  of  parameters 
is  obtained  [Ref  2].  This  is  central  estimation  and  will  henceforth  be 
referred  to  as  Linear  Quadratic  Estimation  (LQE).  Decentralized  estimation, 
on  the  other  hand,  processes  information  locally  —  a  decentralized 
estimator's  output  depends  only  on  information  from  the  corresponding  sensor 
or  group  of  sensors  and  each  actuator/sensor  pair,  or  group  of  pairs,  uses 
only  information  contained  within  that  subsystem.  From  a  performance  point 
of  view,  assuming  perfect  information  of  the  system  parameters,  centralized 
estimation  is  preferable  since  it  provides  the  optimal  solution.  However, 
if  central  processing  is  not  desirable  or  possible,  or  if  computation  is  an 
important  factor,  decentralized  estimation  may  be  a  better  choice.  Results 
from  previous  work  done  by  the  autnor  [Eef  3  J  indicating  performances  of 
central  ana  dec  antral  estimation  with  perfect  modal  information  is  given  in 
Figure  3-  The  decentral  estimation  does  contain  error  amplitude  shaping  as 
outlined  in  [Ref  3J. 


I.  OBJECTIVES  OF  RESEARCH  EFFORT 
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c  pr.r.ge  after  the  initial  de  picymer.t  cf  t..e  LFTG.  It  is  then  of  utmost 
importance  to  evaluate  the  robustness  with  respect  to  parameter  variations 
of  a  L2E  filter  and  a  suboptimai  filter.  Decentralization  is  a  subset  of 
the  latter.  Defining  robustness  as  global  asymptotic  stability  under  the 
presence  of  modeling  errors,  it  is  of  interest  to  investigate  "phase- 
shaping"  to  achieve  this  guaranteed  stability.  Since  this  is  a  rather 
strict  constraint  on  the  suboptimai  estimator,  a  qualitative  sensitivity 
analysis  is  also  introduced.  Finally,  a  method  for  obtaining  some 
performance  criteria  to  compare  optimal  and  suboptimai  filters  is  proposed. 


III.  ROBUSTNESS  AND  PHASE-SHAPING 

Since  perfect  knowledge  of  system  parameters  is  not  attainable,  it  is 
necessary  to  account  for  variations  in  these  parameters  and  to  attempt  to 
design  a  suboptimai  filter  which  is  robust  under  these  circumstances.  As  a 
starting  point,  structural  frequency  errors  up  to  2CT  will  be  investigated. 
Referring  to  the  block  diagram  of  Figure  4,  [Ref  states  that  given  the 
transfer  matrices  G(s)  and  H(s),  the  system  is  asymptotically  stable  if  at 
least  one  of  the  transfer  matrices  is  positive  real  ar.d  the  ether  is 
strietiy  ocsiaive  r  al.  Fc-  a  LF2G  with  ccllocatac  actuators  ar.s  ser.scrs , 
it  car.  be  shewn  that  G(s)  is  positive  real  [Ref  51.  Than  H(s),  whicn  is  the 
combined  transfer  matrix  of  the  estimator  and  controller,  must  be  strictly 
positive  real  for  guaranteed  stability.  The  purpose  of  the  study  at  hand  is 
to  focus  on  the  performance  ar.d  robustness  of  estimators.  It  would  then  be 
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1 


I 

l 


positive  real  requirements  -r.i  then  tc  cnocse  controller  gains  without 
viciatinr  these  restrictions. 

One  conservative  approach  tcwarc  solving  this  problem  woulc  be  to  look 

at  the  phase  shift  caused  by  closing  an  estimator  ir.  the  loop.  If  the  total 

0 

estimator  phase  change  lies  within  ±  90  ,  then  this  portion  of  the  feedback 
loop  is  strictly  positive  real.  Looking  at  the  simplest  case  of  a  reduced- 

order  1-mode  estimator  estimating  the  first  mode,  the  best  result  obtained 

0 

is  a  phase  shift  of  -90  under  certain  conditions.  This  may  indicate 
positive  realness  rather  than  strict  positive  realness.  The  gains  [K1  K_]* 

for  this  case  were  chosen  to  decrease  the  sensitivity  to  changes  in  the 

A 

structural  frequency.  This  was  done  by  evaluating  the  transfer  matrix  x  / 


“2  -  2 

n1  /  n1  •  s  ♦  (2c, w,  ♦  K^C )  s  ♦  w,  (1-K,C)  (eq  17a) 

s2  +  (2c]w1  ♦  K2C)  s  ♦  w^H-KjC) 


n1  /  n,  *  2  ^(KjC-IHw  -  w  ) 


(eq  17b) 


s-  *  «<,»,  *  K.C)  a  .  C! 


n,  /  n,  ■  a  (  w,-- 


(eq  17c) 


*  U'C,'*-,  *  :<_C)  s  *  Cd-C! 


n1  /  n1  *  s  *  (a^w^  ♦  K  C)  s  ♦  w^d-^C)  (eq  17d) 


32  ♦  (2c1w1  ♦  K2C)  s  ♦  w12(1-K1C) 
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first  structural  frequency.  These  two  values  may  diff-r  by  SC".  In  an 
attempt  to  drive  the  off-diagonal  terms  (eqs  17b!<c)  to  zero  and  the  diagonal 
terms  (eqs  17a&d)  to  one,  -  1 /C  is  chosen  and  (eq  17)  becomes 

A 

n1  /  n1  •  1  (eq  13a) 


n1  /  *  0  (eq  18b) 

n1  /  n1  -  s  (  w^2  -  w^2) _  (eq  18c) 

s  (s  ♦  2qiw.  ♦  K2C) 

x 

n 1  /  ■  s  (s  +  2c.w.  ♦  K?C)  (eq  I8d) 

3  (s  ♦  2c1w.  +  K2C) 

Choosing  3  value  for  K.^  which  shifts  the  pole  -2c  ^ +  K2C  sufficiently  to 

the  left  will  ensure  that  the  response  due  to  that  pole  dies  out  quickly. 
(Eq  18c)  then  approaches  the  value  of  0  and  (eq  l8d)  approaches  the  value  of 
1 .  The  time  response  of  this  case  is  shown,  along  with  LQE  results,  in 
Figure  5.  The  above  method  wcrks  quite  well  for  the  pinned-pinned  team 
example.  However,  problems  may  arise  if  the  actual  LESS  is  not  dominated  by 
a  single  known  mode..  These  results  may  3lso  depend  upon  sensor  position. 
It  is  necessary  to  evaluate  an  actual  LESS  in  order  to  determine  how 
strongly  these  dependencies  upon  circumstances  affect  the  problem  at  hand. 


IV.  QUALITATIVE  SENSITIVITY  ANALYSIS 


Since  the  above  phase-shaping  results  are  restrictive, 
sensitivity  analysis  is  in  order.  Since  optimal  filters  are 


a  qualitative 
designed  to  be 
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optimal  at  =  specified  point,  it  is  not  s uprising  that  they  are  quite 
sensitive  to  variations  about  the  specifies  point.  Suboptimal  filters  -- 
whicn  include  reduced  order  filters,  decentralized  filters,  etc.  --  are  not 
as  sensitive  [Ref  6]  which  is  in  thi3  case  an  advantage  of  suboptimal 
filters.  See  Figure  6  for  an  indication  of  optimal  versus  suboptimal  filter 
sensitivity.  It  is  obvious  that  there  is  a  tradeoff  here  between 
sensitivity  and  performance  and  it  is  up  to  the  designer  to  decide  where 
that  line  should  be  drawn. 

V.  PERFORMANCE  CRITERIA 

Since  many  times  suboptimal/decentralized  filters  may  be  numerous  and 
of  different  orders  than  LQE  filters,  some  performance  criteria  to  compare 
the  types  of  estimators  must  be  determined.  It  is  proposed  to  use  the  modal 
sum  of  the  error  covariances  of  each  filter  as  a  basis.  For  those 
suboptimal  filters  which  are  combining  modal'  information,  the  total  error 
covariances  may  be  obtained  via  any  sufficient  type  of  estimation  algorithm 
[Ref  7]  such  as  "ear.  Square  Error  estimate  (MSE),  Maximum.  APriori  estimate 
(MAP),  or  Maximum  Likelihood  estimate  (MLE).  In  this  way,  a  scalar 
performance  value  for  each  filter  may  be  usea  for  performance  comparisons. 
As  far  as  computations  a rn  cor.cernec,  it  is  :Iear  that  the  lower  order  the 
filter,  the  less  computations  require-a.  Hardware  cost  may  also  be 
considered  due  to  the  fact  that  decentralized  estimation  and  control  rely 
upon  a  larger  number  of  actuators  and  sensors  being  present. 

VI.  RECOMMENDATION'S 
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T:.«  robustness  \r.i  r--rsitiv:t7  of  c-rorii-ei  ire  optimal  filter-  r.ive 
fct  -r.  ir.vt.-5t  i  ret-  -  ir.t,  ilthcugr  p-  v.:  -pirn  in  p  ?r  f  zr  ~  an  c  -  occurs, 
sufccptir,3l  filters  appear  to  be  r.ore  f-vcracle  under  uncertain  parameter 
conditions.  A  more  in  depth,  sensitivity  analysis  should  be  done  on  the 
estimators  to  determine  the  range  of  variation  ir,  parameters  each  filter  can 
withstand.  Also,  variations  in  mode  shapes  exist  in  reality  and,  upon 
obtaining  satisfactory  results  for  uvari  at  ions  in  frequencies,  this  problem 
should  be  addressed.  The  results  for  the  phase-shaping  for  robustness  here 
are  quite  limited  due  to  contradicting  restrictions  on  gains.  Perhaps  a 
different  approach  would  be  to  close  the  loop  with  a  controller  and 
estimator  and  combine  the  controller  and  estimator  performance  analysis. 
This  seems  to  contradict  the  desire  to  primarily  investigate  the  performance 
of  filters,  but  it  may  lead  to  an  improvement  in  the  closed-loop  results. 
It  would  be  valuable  to  apply  the  subopt irnal  results  to  an  actual  LFSS  such 
as  a  truss  to  reinforce  the  validity  of  the  proposed  methods.  Finally,  it 
would  be  worthwhile  to  undertake  a  study  of  the  stated  estimation  schemes, 
under  various  circumstances,  to  yield  the  ’’best"  scalar  performance  value. 
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FIGURE  2:  Pir.ned-Pinned  bean  with  impulse 
force  applied  as  shewn- 


actual  motion  and  decent rai  i7»i<  est  motion  at  .3' 


actual  total  motion 
decentral  2-mode  est 
both  sensors  at  .3L, 
both  filters  shaped. 


P  0. 1  0. 2  0. 3  0. 4  0. 5  0. 6  0  7  0  8  0  9  i 
lime  (see)  filteri, klr-  1,K2=.  01, fiiter2, k3=-.  5,K4=5 

FIGURE  3.a 


actual  motion  any  decentralized  est.  motion  at  . 3L 


—  actual  tctal  motion 
--  decentral  2-mode  est.,  both 
sensors  at  . 3L,  both 
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Figure  b  Conceptual  Example  of  Designing  for  Minimum  Sensitivity 
(otrue  held  constant,  a assign  ^  varied) 
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ABSTRACT 

A  simplified  multivariable  model  reference  adaptive  control  (MRAC)  is  shown  to  provide  control 
reconfiguration  for  the  AFTI/F16  during  single,  double,  triple,  and  quadruple  control  surface  failures. 
The  simplified  MRAC  is  unique  in  that  it  may  employ  a  reduced  order  model  and  is  applicable  to 
unstable  nonminimum  phase  plants.  The  MRAC  is  capable  of  implicitly  redistributing  the  control 
effort  among  the  aircrafts  effective  surfaces  without  explicit  knowledge  of  the  failure.  The  resulting 
control  reconfiguration  forces  the  aircraft  to  approximate  the  reference  model  trajectories.  The 
AFTI/F16  model  used  for  simulations  incorporated  the  nonlinear  rate  and  saturation  limited  servo 
dynamics. 
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1.  Introduction 


Air  Force  objectives  for  the  future  generation  of  advanced  tactical  fighters  (ATF)  include  substan¬ 
tially  improving  their  survivability,  maintainability,  reliability,  and  life  cycle  cost.  The  Self-Repairing 
Flight  Control  System  Program  at  the  Flight  Dynamics  Lab  (FDL),  Wright-Patterson  Air  Force  Base 
(WPAFB)  is  an  outgrowth  of  this  objective  [1].  One  component  of  this  effort  is  to  develop  a  dynam¬ 
ically  reconfigurable  aircraft  controller.  A  reconfigurable  controller  possesses  the  capability  during 
a  control  system  failure  to  redistribute  and  coordinate  the  control  effort  amongst  the  aircrafts  re¬ 
maining  effective  control  surfaces  such  that  satisfactory  flight  performance  is  retained.  Actuator 
failure  and  control  surface  battle  damage  are  prime  examples  of  possible  control  system  failures.  By 
having  a  reconfigurable  flight  control  system  coupled  with  redundant  aerodynamic  control  surfaces 
the  impact  of  many  control  failures  is  drastically  reduced.  This  accordingly  increases  aircraft  combat 
survivability.  The  Vietnam  experience  revealed  an  estimated  20  %  of  the  aircraft  losses  were  due  to 
control  system  failures  [2].  Another  benefit  that  the  reconfiguration  capability  provides  is  the  possi¬ 
ble  elimination  of  redundant  actuators  and  supporting  systems  without  degradation  of  pilot  safety. 
Component  reduction  leads  directly  to  both  improved  maintainability  and  cost  requirements.  With 
the  motivation  for  control  reconfiguration  established  the  problem  statement  will  first  be  examined. 
All  tables  are  contained  in  Appendix  A  and  all  figures  are  contained  in  Appendix  B. 

2.  Research  Objective 

The  research  objective  as  posed  by  the  FDL,  WPAFB  [3],  is  to  develop  a  self-repairing  recon¬ 
figurable  flight  control  system  for  the  AFTI/F-16  such  that  it  can  sustain  and  recover  from  the 
following  failure  conditions: 

•  Single  surface  failures 

-  single  horizontal  tail  failure 

-  rudder  failure 
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-  flaperon  failure  1 

•  Double  surface  failures 

-  double  flaperon  failure 

-  rudder  and  canard  failure 

-  double  horizontal  tail  failure  1 

-  same  side  flaperon  and  horizontal  tail  failure  1 

-  opposite  sides  flaperon  and  horizontal  tail  failure  1 

•  Triple  surface  failures 

-  double  flaperon  and  rudder  failure 

-  double  flaperon  and  canard  failure 

-  rudder  and  same  side  flaperon  and  horizontal  tail  failure  1 

•  Quadruple  Failures  1 

-  rudder,  canard,  and  double  flaperon  failure  1 

-  rudder,  canard,  and  same  side  flaperon  and  horizontal  tail  failure  1 

The  flight  envelope  of  interest  for  control  reconfiguration  evaluation  is  from  Mach  0.9  at  20,000 
ft.  to  Mach  0.6  at  30,000  ft.  The  AFTI/F16  is  in  the  combat  flight  control  mode.  The  primary 
states  of  interest  are:  (1)  pitch  rate,  (2)  roll  rate,  and  (3)  yaw  rate.  The  reconfiguration  strategy  to 
accomplish  these  goals  is  now  examined. 

1  An  additional  failure  condition  which  waa  considered  by  the  author. 
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3.  Model  Reference  Adaptive  Control  as  a  Reconfiguration  Strategy 


The  general  approach  presently  being  used  to  address  the  control  reconfiguration  problem  is  a 
combination  of  a  robust  baselii  ;  controller  used  in  conjunction  with  a  Fault  Detection  and  Isolation 
(FDI)  scheme.  The  baseline  controller  is  used  to  maintain  stability  during  the  initial  moments 
of  a  failure  while  the  FDI  system  locates  and  isolates  the  fault.  Without  the  baseline  controller 
the  aircraft  could  in  many  instances  exceed  its  structural  limitations  during  the  FDI  time  interval. 
Once  the  failure  is  isolated  an  appropriate  control  is  employed  to  optimize  the  remaining  effective 
control  surfaces.  The  primary  challenges  facing  this  approach  are:  (1)  developing  design  techniques 
and  CAD  tools  such  that  a  sufficiently  robust  controller  for  all  failure  possibilities  can  feasibly  be 
designed  (Quantitative  Feedback  Theory  (QFT)  appears  to  be  promising  [4]),  and  (2)  perfecting 
FDI  designs  such  that  the  probability  of  a  false  detection  is  all  but  eliminated. 

In  this  effort  am  alternative  method  is  explored  in  addressing  the  reconfiguration  problem.  The 
method  to  be  used  is  a  multivariable  Model  Reference  Adaptive  Controller  (MRAC)  developed  by 
I.  Bar-Kana  and  H.  Kaufman  [5],  [6].  The  MRAC  is  capable  of  implicitly  redistributing  the  control 
effort  among  the  effective  surfaces  without  explicit  knowledge  of  the  failure.  Because  the  MRAC 
does  not  use  explicit  knowledge  of  the  failure  for  reconfiguration  the  incorporation  of  a  FDI  scheme 
is  not  needed.  The  removal  of  the  FDI  scheme  from  the  reconfiguration  process  eliminates  (1)  the 
possibility  of  false  failure  detections  giving  rise  to  inappropriate  possibly  catastrophic  reconfigura¬ 
tions,  and  (2)  the  necessity  for  a  baseline  controller  because  of  the  associated  FDI  time  delays.  In 
essence,  the  MRAC  is  a  nonlinear  controller  which  adjusts  its  controller  gains  in  real  time  to  force 
the  controlled  plant  to  follow  the  trajectories  of  a  desired  model.  The  variable  controller  gains  are 
adjusted  by  a  tracking  error  generated  by  the  comparison  of  model  and  plant  trajectories.  In  [5], 
many  of  the  difficulties  and  limitations  often  associated  with  MRAC  controllers  are  over  come.  For 
example: 

•  Exact  knowledge  of  the  plant’s  relative  degree  is  not  required 

•  The  plant  can  be  nonminimum  phase 

•  The  plant  can  be  statically  unstable 

•  The  model  order  can  be  less  than  or  equal  to  the  plant  order 
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The  MRAC  is  proven  to  guarantee  global  stability  with  the  nonrestrictive  assumption  that  the  plant 
cam  be  stabilized  by  a  constant  gain  output  feedback.  This  contribution  is  significant  since  MRAC 
can  now  be  applied  to  a  class  of  unstable  nonminimum  phase  control  problems  that  originally  could 
not  be  addressed.  The  AFTI/F16  is  an  example  of  such  a  plant.  It  is  nonminimum  phase,  unstable, 
infinite  dimensional,  and  has  significant  parameter  changes.  Additional  advantages  of  a  MRAC 
approach  to  those  already  mentioned  are: 

•  Explicit  identification  of  the  plant  is  not  required 

•  Plant  parameters  are  not  restricted  in  the  rate  of  their  change 

•  A  sufficiently  rich  persistently  exciting  input  is  not  required 

•  Algorithm  is  computationally  nonintensive 

A  brief  development  of  the  control  law  is  now  presented. 

3.1  Control  Law  Development 

The  desired  model  represented  in  state  space  form  is  given  by 
xM(t)  =  AMxM(t)  +  BMuM(t) 

yM(i)  =  CMxM(t)  (3.1) 

where  Am  G  Kr*r ,Bm  G  RTX‘  ,xm{1)  €  Rrxl,  and  \M/(t)  G  R,xl.  The  plant  to  be  controlled  is 
represented  in  state  space  form  as 

xp(t)  =  Apxp(t)  +  Bpup(t) 

yp(i)  =  CPxP(t)  (3.2) 

where  Ap  G  R^xn,Bp  G  Rnxm  ,Xp(t)  G  Rnxl,  and  up(<)  G  Rmxl.  It  is  assumed  that  r  <  n 
and  s  <  m.  The  adaptive  control  input  is  given  by 

u  p{t)  =  KxxM{t)  + KuuM{t)  + Ke(t)(yM(t)-yP{t) 

yjw(0-yp(0 

=  K'(t)  Kx(t)  Ku(t)  xM(t) 

UAf(<) 


K(t)r(t) 


55-7 


(3.3) 


where 


K(t) 

=  KP{t)  +  Kj{t) 

(3.4) 

KP(t ) 

=  By  (t)rT  (t)T 

(3.5) 

Ki(t) 

=  trK/(t)  +  ey(t)rTT 

(3.6) 

T  and  T  are  positive  definite  weighting  matrices  and  ey(t)  =  yjvf(<)  -  y />(<).  Global  stability  and 
asymptotically  perfect  tracking  is  guaranteed  if  the  plant  is  Almost  Strictly  Positive  Real  (ASPR). 
A  plant  is  ASPR  if  there  exists  a  constant  gain  feedback  such  that  the  resulting  closed  loop  system 
is  Strictly  Positive  Real  (SPR).  For  this  to  be  possible  the  plant  must  be  minimum  phase. 

Gauranteed  global  stability  is  extended  to  nonminimum  phase  plants  which  can  be  augmented  by 
a  feed  forward  nonsingular  gain  matrix,  D,  such  that  the  resulting  augmented  plant  is  minimum  phase 
and  ASPR.  For  this  class  of  plants  a  bounded  tracking  error  is  gauranteed  rather  than  asymptotically 
perfect  tracking.  The  feed  forward  gain  matrix,  D,  is  further  modified  to  include  fast  first  order 
dynamics.  This  is  to  eliminate  the  effects  of  the  direct  feed  forward  in  conjunction  with  direct 
feedback  in  the  augmented  plant.  The  block  diagram  of  this  adaptive  scheme  is  shown  in  Fig  8.7. 


4.  The  AFTI/F16  Aircraft 


Provided  by  the  FDL  [3],  the  state  space  model  for  the  AFTI/F16  is  given  by 
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where  the  states  are 
0  =  pitch  angle  (rad) 
u  =  forward  velocity  (ft/sec) 
a  =  angle-of-attack  (rad) 
q  =  pitch  rate  (rad/sec) 

<f>  =  bank  angle  (rad) 

0  =  sideslip  angle  (rad) 

p  =  roll  rate  (rad/sec) 

r  =  yaw  rate  (rad/sec) 

and  the  inputs  are 

6e„  =  right  horizontal  tail  (rad) 

StL  =  left  horizontal  tail  (rad) 

6f„  =  right  flaperon  (rad) 

6jl  =  left  flaperon  (rad) 

6C  —  canards  (rad) 

6r  =  rudder  (rad 

The  flight  parameters  for  flight  condition  2  at  M.6,  30,000  ft.,  and  flight  condition  3  at  M.9,  20,000 
ft.  are  contained  in  table  7.2.  The  matrix  elements  for  flight  conditions  2  and  3  are  contained  in 
table  7.3.  The  following  assumptions  are  made  concerning  the  plant: 

1.  All  of  the  plant  states,  0,  u,  a,  q,  <2>,  0,  p,  and  i  are  available  for  control  use. 

2.  The  aircraft  has  a  supplemental  feedback  loop  to  vary  thrust  such  that  the  effect  of  the  per¬ 
turbation  velocity  can  be  ignored. 

3.  The  aircraft  is  a  rigid  body  and  of  constant  mass. 

4.  The  aerodynamics  are  fixed  for  mach  and  altitude. 

5.  The  left  and  right  canards  act  symmetrically  together. 

The  AFTI/F16  servo  power  actuator  dynamics  [10]  were  incorporated  into  the  AFTI/F16  simu¬ 
lation  model.  The  transfer  function  of  the  power  actuator  is 
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P(s) 


20 

«  +  20 


(4.2) 


The  servo  rates  and  mechanical  limits  were  also  included  for  realistic  nonlinear  modeling.  The  rate 
and  mechanical  limits  for  the  different  control  surfaces  are  given  in  table  7.1. 


4.1  Design 

The  design  work  centers  around  the  selection  of  the  weighting  matrices,  T,  and  T,  the  output 
matrices  Cp,  and  Cm,  and  the  feed  forward  gain  matrix  D.  Unfortunately,  there  is  no  step  by  step 
procedure  one  can  follow  when  selecting  the  elements  within  these  matrices.  Some  very  rough  and 
general  guidelines  though  are: 

1.  Cp  must  provide  stabilizing  feedback.  Ideally,  this  feedback  configuration  should  remain  sta¬ 
bilizing  at  high  gains. 

2.  Cm  =  Cp 

3.  The  feedback  gain  matrix,  D,  can  be  found  indirectly  by  first  finding  a  scaled  identity  matrix, 
I, ,  such  that  the  eigenvalues  of 

Acl  —  Ap  —  BpI,Cp  (4-3) 

are  in  the  left  half  plane.  It  is  shown  in  {7]  that  the  zeros  of  an  open  loop  system  with  feed 
forward  gains  are  the  eigenvalues  of 

Aol  =  Ap  —  BpD~1Cp  (4-4) 

FYom  (4.3)  D  follows  immediately  as 

D  =  7,-1  (4.5) 

By  having  a  high  gain  stabilizing  feedback,  the  element  magnitudes  within  D  can  be  minimized 
which  inturn  minimizes  the  effect  of  the  feed  forward. 

4.  T  and  T  are  found  strictly  by  trial  and  error  so  long  as  they  remain  positive  definite. 

For  the  AFTI/F16  model  the  final  Cp  matrix  arrived  at  was 
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The  feed  forward  matrix  D  was 


D~l  =  (10,000)/«x« 

The  modified  feed  forward  term  was 

Dm{s)  =  7T500 

The  weighting  matrices  T  and  T  are 


T  —T  —  (10)720  x  20 


(4.6) 


(4.7) 


(4.8) 


(4.9) 


Most  of  the  design  effort  and  skill  centered  around  the  proper  element  selections  for  Cp.  This 
was  nontrivial  since  it  had  to  provide  stabilizing  feedback  for  not  only  the  case  when  six  healthy 
control  surfaces  were  available  but  also  for  failure  combinations  of  extreme  magnitude.  Because  of 
the  many  considerations  and  complexity  in  arriving  at  the  final  Cp  the  reader  is  referred  to  [9]  for 
complete  details. 


5.  Control  Surface  Failure  Simulations  and  Results 

Control  surface  failures  were  simulated  by  zeroing  out  the  surface  command  input  column  vector 
within  the  plant’s  input  B  matrix.  The  aircraft  maneuver  used  to  test  control  reconfiguration  capa¬ 
bilities  was  a  hard  banking  right  turn.  This  difficult  control  maneuver,  composed  of  superimposed 
longitudinal  and  lateral  command  inputs,  was  selected  to  thoroughly  test  the  controller’s  ability  to 
cope  with  control  surface  failures.  The  pilot  command  sequence  is  as  follows: 
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Time  0-1  sec:  Steady  state  level  flight 

Time  1  sec:  A  11.5  deg/sec  roll  rate  command  is  applied 

Time  2  sec:  A  23  deg/sec  pitch  rate  command  is  applied 

Time  3  sec:  Pitch  rate  command  is  removed 

Time  5  sec:  Roll  rate  command  is  removed 

Time  5-10  sec:  Aircraft  remains  in  a  banked  coordinated  turn 

The  adaptive  Control  was  built  for  simulation  using  the  MATRIX*  SYSTEM-BUILD  capability 
[8].  The  simulations  were  carried  out  using  the  variable  step  Kutta-Mearson  method.  The  eight 
state  model  used  was  linear  in  the  longitudinal  mode  but  nonlinear  in  the  lateral  mode.  The  model’s 
lateral  mode  provided  appropriate  roll  and  yaw  to  produce  a  coordinated  turn  for  a  given  altitude 
and  speed.  Simulation  results  of  the  double  flaperon  and  rudder  failure,  and  the  right  flaperon, 
right  horizontal  tail,  rudder,  and  canard  failure  ,both  at  Mach  0.9,  20,000  ft.,  were  chosen  to  be 
representative  examples  of  the  26  failure  scenarios  tested.  The  tracking  errors  for  the  two  failure 
conditions  are  shown  in  Figs.  8.1,  and  8.4.  The  AFTI/F16  states  superimposed  upon  the  ideal  model 
trajectories  are  shown  in  Figs.  8.2,  and  8.5.  The  control  surface  commands  are  shown  in  Figs.  8.3, 
and  8.6 

The  adaptive  controller  was  impressively  successful  in  maintaining  coordinated  flight  for  all  tested 
failure  combinations  except  the  double  horizontal  tail  failure.  The  controller’s  capability  to  maintain 
sideslip  less  then  two  degrees  during  catastrophic  quadruple  failures  is  quite  remarkable. 

Figs.  8.1,  8.2,  and  8.3  illustrate  the  controller’s  response  during  the  triple  failure  of  both  flaperons 
and  rudder.  The  tracking  of  the  plant  is  very  close  to  that  of  the  model.  In  Fig.  8.3  the  horizontal 
tail  can  be  seen  injecting  the  superimposed  roll  and  the  pitching  moments  while  the  canards  handle 
the  yawing  moment. 

Figs.  8.4,  8.5,  and  8.6  illustrate  the  controller’s  response  during  the  quadruple  failure  of  the  right 

flaperon,  right  horizontal  tail,  rudder,  and  canard.  Close  examination  of  Fig.  8.6  reveals  the  control 

coordination  being  exercised  between  the  left  flaperon  and  horizontal  tail  to  achieve  the  coordinated 

turn.  In  Fig.  8.5  it  is  seen  that  the  aircraft  closely  tracks  the  model’s  pitch  and  roll  rates.  Sideslip 

« 

is  oscillatory  but  damps  out  as  the  roll  rate  command  is  removed.  Ideally,  sideslip  should  remain 
less  then  one  degree,  but  given  the  extent  of  the  control  damage  the  controller  is  behaving  superbly. 
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The  double  horizontal  tail  failure  resulted  in  an  uncontrolled  aircraft  at  Mach  0.9,  20,000  ft. 
The  aircraft  physically  can  not  accomplish  this  maneuver  because  of  the  small  effect  the  flaperons 
have  in  the  pitching  moment.  In  simulations  the  flaperons  reached  both  rate  and  mechanical  limits. 
However,  at  higher  altitudes  and  high  speeds,  e.g.  Mach  0.6,  30,000  ft.,  the  aircraft  is  capable  of  this 
maneuver.  It  is  important  to  note  that  this  is  due  to  structural  capabilities  and  limitations  rather 
then  due  to  controller  reconfiguration  performance. 


6.  Conclusions  and  Recommendations 

A  successful  reconfigurable  flight  controller  was  designed  using  MRAC.  Without  explicit  knowledge 
of  a  given  failure  condition  the  controller  was  capable  of  redistributing  the  control  effort  amongst 
the  effective  control  surfaces  to  maintain  satisfactory  flight  performance.  The  controller’s  capability 
to  withstand  quadruple  control  surfaces  failures  was  outstanding  and  is  illustrative  of  its  potential 
power. 

It  is  strongly  recommended  that  research  in  the  application  of  MRAC  to  flight  control  reconfig¬ 
uration  be  continued  for  the  following  reasons: 

1.  MRAC  theory  has  been  advanced  such  that  it  is  now  possible  to  employ  such  techniques  to 
unstable  nonminimum  phase  aircraft. 

2.  Using  a  MRAC  approach  to  flight  control  reconfiguration  eradicates  the  need  for  explicit  knowl¬ 
edge  of  the  failure.  Accordingly,  the  open  loop  FDI  process,  with  its  associated  probability  of 
false  failure  detections,  can  be  eliminated, 

3.  Furthermore,  because  MRAC  does  not  activity  incorporate  a  FDI  scheme  there  is  no  associated 
time  delay  between  the  failure  occurrence  and  when  the  controller  begins  to  compensate  by 
reconfiguration.  This  eliminates  the  necessity  to  have  a  robust  baseline  controller  for  the  initial 
moments  into  a  failure  scenario. 

4.  The  MRAC  inherently  possesses  the  capability  to  redistribute  the  control  effort  amongst  the 
effective  surfaces  without  the  incorporation  of  special  or  complicated  control  mixing  techniques. 
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5.  The  MRAC  is  computationally  nonintensive. 

Follow  up  research  is  encouraged  to  further  develop  and  demonstrate  MRAC  reconfiguration  capa¬ 
bilities.  Issues  to  be  addressed  in  future  research  are: 

1.  A  reconfigurable  MRAC  design  for  the  Combat  Reconfigurable  Controlled  Aircraft  (CRCA). 

2.  Studies  involving  the  adaptive  controller’s  response  to  battle  damaged,  and  partially  failed 
surfaces. 

3.  Discretizing  the  adaptive  control  law  and  the  effects  of  different  sampling  periods. 

4.  Effects  and  elimination  of  measurement  noise  problems. 

5.  Examination  of  the  adaptive  controller’s  capability  to  handle  the  complete  nonlinear  aircraft 
model. 

6.  Determination  of  absolute  controller  and  plant  performance  bounds  for  various  failures  sce¬ 
narios. 

7.  Incorporation  of  the  pilot  into  the  control  loop. 

This  is  an  exciting  area  of  control  research  which  is  only  in  its  infancy.  It  promises  to  yield  tremen¬ 
dous  results  and  insights  beyond  the  immediate  application  to  fighter  aircraft. 

7.  Appendix  A 


Surface 

Rate  Limit 

Lower  Mechanical  Stop 

Upper  Mechanical  Stop 

Horizontal  Tail 

60  deg/sec 

-25° 

+25° 

Flaperon 

52  deg/sec 

-23° 

+20° 

Canards 

108  deg/sec 

-27* 

+27° 

Rudder 

120  deg/sec 

-30* 

+30* 

Table  7.1:  AFTI/F16  Power  Actuator  Limits. 
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Parameters 

Flight  Condition  2 

Flight  Condition  3 

Mach  Number 

0.6 

0.9 

Elevation 

30,000  ft. 

m 

Dynamic  Pressure 

158.82  lb//<J 

552.113  lb//tJ 

TYim  Velocity 

596.91  ft/sec 

933.23  ft/sec 

TVim  Angle  of  Attack 

4.705  degrees 

1.86  degrees 

Table  7.2:  AFTI/F16  Flight  Parameters 


Dimensionalized  Body  Axis  Aerodynamic  Stability  Derivative  Elements 


Lateral  Direction  1  Longitudinal  Direction 


Element 

Flgt  Cond  2 

Flgt  Cond  3 

Element 

Flgt  Cond  2 

Flgt  Cond  3 

mm 

0.05376 

0.03449 

X, 

-32.0915 

-32.183 

Yp 

-0.343554 

EK 

0.005142 

0.012075 

n 

0.082387 

0.032636 

EES 

23.0402 

38.2906 

Yr 

-0.998322 

-0.997556 

mm 

-48.8785 

-30.1376 

U 

-19.2246 

-55.2526 

z, 

-0.004425 

-0.0Q112 

4 

-0.893601 

-2.80004 

Zu 

-0.000109 

-0.000022 

Lr 

0.318845 

0.145674 

Za 

-0.526422 

-1.48446 

Np 

2.29583 

7.237 

Zf 

0.997184 

0.994789 

Np 

•0.000888 

-0.023184 

Mi 

0.000313 

-0.000309 

Nr 

-0.278676 

-0.36253 

Mu 

-0.000337 

-0.00013 

Y,DT 

0.014398 

0.026609 

Ma 

2.52708 

4.27171 

Y,. 

0.000357 

-0.001371 

Mt 

-0.341902 

-0.777221 

Y,. 

0.007335 

0.026734 

x,. 

3.17035 

2.00593 

Yk 

0.021165 

0.037032 

mm 

-2.09855 

2.31681 

■59 

-13.5832 

-50.729 

mm 

-0.066156 

-0.149227 

mm 

-17.4468 

-0.111711 

-0.244924 

mm 

0.414519 

5.53185  |  Mt. 

-5.86214 

-24.0581 

mm 

3.92325 

10.3955 

M(l 

-0.211773 

-6.47269 

N*OT 

-1.50547 

-5.1371 

N,. 

-0.268403 

-1.25006 

N*. 

1.51008 

5.89254 

-1.96651 

-5.8089  | 

Table  7.3:  AFTI/F16  Dimensional  Derivative  Elements 
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■.  Appendix 


Figure  8.2:  Plant  and  Model  TVajeetoriea  Superimpoeed 
Double  Flaperon  and  Rudder  Failure 


I  miuu'Jdt  «nu  » KuuiMOVH  Matt 


Figure  8.3:  Plant  Control  Surface  Positions 

Double  Flaperon  and  Rudder  Failure 


Figure  8  4:  Tracking  Error  Right  Flaperon,  Right  Horizontal  Tail, 
Rudder  and  Canard  Failure 
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Figure  8.5:  Plant  and  Model  Trajectories  Superimposed  Right  Flaperon, 
Right  Horizontal  Tail,  Rudder  and  Canard  Failure 


Figure  8.6:  Plant  Control  Surface  Positions  Right  Flaperon,  Right  Horizontal  Tail. 
Rudder  and  Canard  Failure 
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ABSTRACT 


Finite  element  analysis  for  use  in  structural  design  has  advanced  to  the 
point  where  multidisciplinary  analysis  and  design  capabilities  are  well 
supported  by  a  number  of  programs.  These  codes  offer  unique  possibilities 
in  terms  of  minimizing  the  time  required  at  the  preliminary  design  stage. 
Investigations  into  the  theoretical  and  operational  aspects  of  ASTROS  (the 
Automated  STRuctural  Optimization  System)  for  its  use  in  preliminary 
design  have  supported  proposed  research  into  this  area  at  the  University  of 
Notre  Dame. 
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ASTROS  represents  the  most  recent  generation  of  a  family  of  finite 
element  codes  developed  for  structural  analysis/optimization.  The  use  of 
such  codes  for  effective  preliminary  design  may  aid  in  reducing  the  current 
loads,  design,  and  aeroelastic  analysis  requirements  at  this  stage  of  the 
design  process. 

My  research  interests  deal  with  the  effective  use  of  finite  element 
analysis  for  design  and  optimization  at  this  preliminary  design  level.  Is  it 
possible  to  generate  an  optimum  flight  vehicle  configuration  in  concert 
with  a  sophisticated  multidisciplinary  structural  analysis?  I  believe  so. 
Lockheed  has  approached  this  capability  with  PADS1’2  (Preliminary 
Aeroelastic  Design  of  Structures).  Such  codes  will  form  the  basis  for  the 
next  generation  of  finite  element  analysis/optimization  programs. 


The  main  objectives  of  this  summers  research  are  to  gain  familiarity 
with  ASTROS  and  to  determine  which  aspects  of  the  code  may  be  applicable 
to  the  goal  presented  previously  dealing  with  preliminary  design.  The 
following  is  a  complete  list  of  the  objectives  identified  at  the  beginning 
of  this  research  period. 
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1 .  A  number  of  short-term  objectives  (within  the  1 0  week  period)  have 
been  identified  by  current  Air  Force  researchers  working  on  ASTROS.  The 
majority  of  these  goals  either  coincide  or  fit  well  within  the  scope  of  my 
own  objectives.  My  objectives  this  summer  are: 

a.  To  develope  a  background  of  knowledge  involving  the  NASTRAN  and 
ASTROS  codes,  both  in  terms  of  their  theoretical  nature  and  operation. 

b.  To  identify,  in  conjunction  with  current  personnel,  possible  avenues  of 
research  which  might  be  applicable  to  continued  research  at  Notre  Dame. 
Of  particular  interest  is  the  possibility  of  identifying  techniques 
conducive  to  geometric  optimization  in  concert  with  structural 
optimization.  The  ultimate  goal  of  such  optimization  is  to  yield  the  most 
efficient  design  for  given  loading  and  constraint  conditions.  Also 
important  at  the  preliminary  design  stage  would  be  the  trends  or 
sensitivities  encountered  during  the  geometrical  optimization. 

2.  The  short-term  goals  presented  by  Captain  Canfield  include  the 
following: 

a.  A  swept  wing  optimization  problem  has  been  formulated  by  Northrop 
and  the  results  have  been  published.  It  is  desired  to  match  the  Northrop 
results  with  those  obtained  from  the  FDL  ASTROS  program. 
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b.  Complete  four  other  ASTROS  User  Training  Workshop  (UTW)  problems, 
and  prepare  to  assist  as  an  instructor  at  the  UTW. 

c.  Lockheed  has  supplied  information  regarding  the  finite  element 
modeling  of  an  LI  01 1  wing.  It  is  desired  to  optimize  this  structure  using 
ASTROS.  A  number  of  goals  have  been  identified  for  this  optimization 
involving  model  verification,  analysis  verification,  strength  optimization, 
and  air  loads.  A  preliminary  schedule  for  the  LI  01 1  problem  is  as  follows: 

(1)  June  27-July  1  -  Identify  the  modeling  problems  that  are  linked  to 
the  Multi-Point  Constraints  (MPCs)  and  any  associated  stiffness  problems 
with  the  model  (possible  fuselage  effects). 

(2)  July  5-15  -  Resolve  the  MPC  problems. 

(3)  July  18-25  -  Resolve  the  stiffness  problem. 

(4)  July  25-29  -  Present  final  results. 


III. 


a.  Current  research  at  the  University  of  Notre  Dame  involving  finite 
element  analysis  at  the  conceptual/preliminary  design  stage  will  require 
the  use  of  varied  optimization  and  analysis  technicues  to  satisfy  a  number 
of  current  goals. 
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After  reviewing  the  Theoretical  Manual,  an  investigation  into  the 
actual  operation  of  the  code  itself  was  performed.  This  involved 
completing  the  workshop  problems  (several  times,  as  it  turned 
out).  These  problems  were  designed  specifically  so  that  the 
workshop  participants  could  gain  maximum  understanding  of  the 
"more  important"  capabilities  of  ASTROS.  Subjects  involved 
multiconstraint  optimization  (displacements,  natural  frequencies, 
weight),  modal  and  flutter  analysis,  and  static  analysis.  A 
complete  outline  of  the  workshop  problem  descriptions  is  given 
below. 


Problem  Set  Definition 


Problem  Set  #1:  Space  Truss 

1  -1 :  Modal  analysis  using  Guyan  Reduction  and  Generalized  Dynamic  Reduction 

1- 2:  Optimization  for  the  first  two  natural  frequencies 

Problem  Set  #2:  Rectangular  Wing 

2- 1:  Static  analysis  for  tip  load 

2-2:  Optimization  for  stress  constraints 

2-3:  Optimization  for  stress  constraints  with  shape  functions 

2-4:  Static  analysis  with  inertia  relief 

2- 5:  Aeroelastic  trim  for  wing  in  straight,  level  flight 

Problem  Set  #3:  Cantilevered  Plate 

3- 1 :  Static  and  modal  Analysis 

3-2:  Transient  analysis 

3- 3:  Subsonic  and  supersonic  flutter  analysis 

Problem  Set  #4:  Swept  Wing 

4- 1:  Static  analysis  for  gravity  load 

4-2:  Modal  analysis 

4- 3:  Optimization  for  stress  and  frequency  constraints 

Problem  Set  #5:  Plane  Frame 

5- 1:  Optimization  for  displacement  constraints 
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During  the  workshop  (20-24  June)  the  author  gave  a  preliminary 
presentation  of  problem  set  #1  and  participated  as  an  instructor.  Problem 
set  #1  involved  the  Active  Control  Of  Space  Structures  (ACOSS)  model, 
developed  by  the  Charles  Stark  Draper  Laboratory.  The  finite  element  model 
has  33  nodes  (90  degrees  of  freedom),  1 8  concentrated  masses,  and  1 1 3 
rod  elements.  The  material  used  for  all  elements  was  graphite  epoxy 
(E-18.5  Mpsi,  density-  .055lb/in^).  For  this  problem,  as  in  all  five  of  the 
workshop  problems,  the  participants  were  supplied  with  the  finite  element 
models  (nodal  coordinates,  elements  and  connectivities,  properties,  etc.). 
What  is  required  of  the  participants?  They  must  create  the  necessary 
MAPOL  solution  set  for  proper  ASTROS  execution,  and  insert  any  associated 
"cards"  into  the  bulk  data  set  provided.  As  an  example,  the  problem 
statement  and  the  MAPOL  solution  set  for  problem  #1  are  given  below. 

Problem  statement 

For  this  initial  design  the  first  three  frequencies  of  the  modified 
ACOSS  II  truss  are:  1.21,2.71,  and  4.21  hz. 

a)  Verify  the  first  three  frequencies.  Use  Guyan  reduction  or 
Generalized  Dynamic  Reduction  (GDR)  to  eliminate  the 
singularites  in  the  mass  matrix. 
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b)  Design  the  truss  for  minimum  weight  while  raising  the 
fundamental  frequency  to  2.0  hz  and  maintaining  a  separation  of 
at  least  1  hz  from  the  remaing  modes. 

Solution  set 

TITLE-ASTROS  USER  TRAINING  WORKSHOP  PROBLEM  SET  #1 
SUBTITLE-MODAL  ANALYSIS  FOR  PART  1  IS  PRINTED  FOR  FIRST 
OPTIMIZATION  PASS 
OPTIMIZE  STRATEGY-57 

BOUNDARY  METHOD-1  ,SPC-18,DYNRED-1 
MODES(DCONSTRAINT=2) 

PRINT  DESIGN,  ROOT-ALL 
END 

This  solution  set  requires  the  addition  of  several  types  of  cards  to  the 
bulk  data  set.  The  fact  that  this  is  an  optimization  requires  that  design 
variables  be  declared,  in  this  case  through  DESELM  cards.  Each  DESELM  card 
corresponds  to  a  single  design  element,  thus  113  cards  are  required.  Many 
participants  created  simple  FORTRAN  programs  to  produce  these  cards, 
while  others  used  the  programable  keys  of  the  DEC  terminals.  METHOD, 
which  is  called  in  the  BOUNDARY  line,  requires  the  insertion  of  an  EIGR 
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card  for  calculation  of  the  natural  frequencies.  SPC  calls  associated  Single 
Point  Constrain  (SPC)  cards,  while  DYNRED  calls  an  associated  DYNRED  card 
to  specify  the  frequency  range  of  interest  for  Generalized  Dynamic 
Reduction.  DCONSTRAINT  calls  associated  DCONFRQ  cards  (in  this  case)  to 
specify  the  frequency  constraints  provided  in  the  problem  description.  It  is 
interesting  to  note  that  a  print  statement  is  required.  Because  of  the 
voluminous  data  generated  during  an  ASTROS  run,  the  user  specifies  only 
those  quantities  of  interest  (in  this  case,  the  final  design  areas  and 
frequencies). 

Optimization  of  the  structure  occurs  in  twelve  iterations. 

A  recent  paper  by  RAO3  was  identified  as  a  possible  avenue  of  continued 
research  at  Notre  Dame.  Rao  has  described  a  method  for  applying  fuzzy  set 
theory  to  structural  optimization;  the  use  of  such  techniques  for 
preliminary  design  may  prove  promising. 

IV. 

a.  NASA4  and  Lockheed1  >2  have  performed  finite  element  analysis  and 
optimization  an  LI  Oil  wing/fuselage  model.  This  model  consists  of  641 
nodes  and  1733  elements.  There  are  170  beam  elements  for  the  fuselage 
rings,  fuselage  beams,  tail,  landing  gear,  and  control  surface  actuators. 

There  are  775  rod  elements  used  to  model  the  spar  and  rib  caps  and  the 
stiffeners  on  the  lower  fuselage  shell.  Two  spring  elements  are 


57-9 


incorporated  as  actuator  springs  for  the  control  surfaces.  The  remaining 
elements  are  786  quadrilateral  membrane  elements  used  to  model  the  wing 
and  fuselage  skins  as  well  as  the  wing  rib  and  spar  shear  webs.  The  current 
model  has  been  run  through  a  static  NASTRAN  analysis,  but  the  results 
show  poor  correspondence  to  published  NASA  results  (20%  error).  Modeling 
discrepancies  are  involved. 

b.  The  original  finite  element  model  had  been  reworked  heavily  by  a 
previous  researcher,  but  a  number  of  problems  remained.  The  most  noteable 
of  these  was  at  the  wing/fuselage  interface.  The  wing  coordinate  system 
was  incorrectly  described  relative  to  the  global  system,  resulting  in  the 
wing  having  a  negative  dihedral  angle.  Surprisingly,  this  went  unnoticed. 

The  wing  coordinate  system  was  modified  to  eliminate  this  discrepancy  by 
altering  the  required  CORD2R  card  in  the  NASTRAN  bulk  data.  The  original 
model  also  had  two  suspicious  beam  elements  connecting  the  coordinate 
system  origin  to  the  engine  pylon.  No  meaning  for  these  elements  could  be 
found,  so  they  were  deleted. 

After  performing  these  alterations,  a  static  analysis  was  performed 
using  ASTROS,  but  singularities  in  the  stiffness  matrix  prevented 
execution.  In  order  to  locate  these  singularities,  the  standard  MAPOL 
sequence  was  altered  so  that  detailed  information  on  the  stiffness  matrix 
would  be  routed  to  the  output  file.  This  information  consisted  of  a  listing 
of  the  stiffness  matrix  in  terms  of  nodal  points  and  associated  degrees  of 
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freedom.  Thus,  the  associated  singularity  listed  in  the  output  file  could  be 
traced  to  a  specific  nodal  degree  of  freedom. 


The  MAPOL  solution  set  with  the  modification  was  as  follows: 

EDIT  NOLIST; 

REPLACE  191; 

CALL  IFP(GSIZE„1) 

INSERT  497; 

CALL  USETPRT(I); 

END; 

SOLUTION 

ANALYZE 

BOUNDARY  MPC-131.SPC-121 
STATICS(MECH=1 ) 

PRINT  DISP-ALL 
END 


EDIT  NOLIST  and  CALL  IFP(GSIZE,,1)  specify  that  the  MAPOL  sequence  and 
bulk  data  ,  respectively,  should  not  be  echoed  to  the  output  file.  CALL 
USETPRT(I)  specifies  the  modified  stiffness  matrix  output.  Note  that  all 
MAPOL  edit  commands  are  followed  by  a  semicolon. 

A  number  of  nodal  degrees  of  freedom  were  thus  identified  as  possible 


singularities,  and  these  potential  singularities  were  eliminated.  The 
ASTROS  run  would  still  not  execute  fully.  A  NASTRAN  run  was  then 
performed  using  the  PARAM,  AUTO  SPC  card  in  the  bulk  data  to  identify  any 
remaining  singularities.  The  NASTRAN  run  executed  fully,  and  the  SPC 
cards  that  were  generated  were  employed  in  the  ASTROS  run.  Execution 
was  still  not  successful.  The  most  recent  error  is  logic  error  1320, 
occurring  in  SDCOMP.  Additional  investigation  would  be  required  to  locate 
the  cause  of  this  error.  The  author's  NASTRAN  results  were  excellent; 
nodal  displacements  for  the  two  loading  cases  investigated  were  within 
6%  of  the  published  NASA  EAL  results. 

V.  Recommendations 

a.  Since  the  major  results  of  this  summers  work  may  be  termed  as 
educational,  implementation  of  the  results  of  this  research  will 
materialize  in  the  research  to  be  performed  in  preliminary  design  within 
my  department.  The  experience  that  the  author  has  gained  will  be 
invaluable  in  this  respect. 

With  regard  to  the  progress  on  the  LI  01 1  model,  it  is  hoped  that  future 
personnel  will  be  able  to  continue  the  ASTROS  analysis  through 
optimization  aided  by  the  work  of  the  author. 
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b.  At  the  heart  of  this  summer’s  work  is  the  hope  for  follow  on  research. 
The  author's  Masters  thesis  will  involve  methods  investigated  during  this 
research  period.  The  background  of  information  that  has  been  gained  this 
summer,  as  well  as  the  general  experience,  have  both  been  extremely 
rewarding. 
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I.  Introduction: 

The  development  of  Quantitative  Feedback  Theory  (QFT),  a  robust  control  system 
design  method  introduced  by  Prof  I.  Horowitz  and  his  colleagues!  l]-[4],  has  received 
increasing  attention  over  the  past  few  years  from  control  theorists  and  practitioners  alike. 
The  method  is  advantageous  in  many  cases  of  multi-input,  multi-output  (MIMO)  control 
system  design  since  it  incorporates  many  features  which  are  not  inherent  in  other  well- 
known  MIMO  design  methods[5]-|7].  One  of  the  most  prominent  of  these  features  is  the 
capability  for  direct  design  to  specifications,  namely  closed  loop  specifications  on  the 
transient  or  frequency  response. 

It  is  these  such  advantages  that  the  Flight  Control  Development  Branch  of  the  Air 
Force  Wright  Aeronautical  Labs  (AFWAL/FIGL),  Wright-Patterson  AFB,  OH,  finds 
particularly  attractive.  Projects  with  potential  QFT  application  are  currently  underway  by 
FIGL  researchers  and  by  AFTT  MS  students  in  numerous  areas  of  flight  control  including 
reconfigurable  and  self-repairing  control  systems. 

My  research  interests  lie  in  refining  some  of  the  computational  aspects  of  the  QFT 
design  procedure  in  order  to  make  the  method  more  tractable  and  thus  easier  for  the 
control  systems  engineer  to  leam  and  use.  Although  portions  of  the  design  process  have 
been  successfully  implemented  in  a  computer  program[8],  the  most  computationally 
demanding  step  in  the  procedure  is  still  carried  out  by  hand,  off  line,  due  to  the  lack  of  a 
satisfactory  design  algorithm.  The  goal  is  to  reduce  much  of  this  need  for  required 
interaction  by  an  experienced  designer  by  developing  such  an  algorithm,  suitable  for 
interactive  programming,  which  incorporates  a  mathematical  basis  for  many  of  the  "rules 
of  thumb”  used.  This  would  permit  a  full  computer-aided  implementation  of  the  method, 
making  it  more  accessible  to  the  control  engineer. 

Such  an  effort  is  not  intended  to  remove  interaction  from  the  design  process  but 
rather  to  gain  additional  insight  into  the  problem,  information  which  would  be  critical  in 
analyzing  tradeoffs  during  the  course  of  a  design.  By  doing  this,  as  well  as  by  removing 
much  of  the  computational  burden  from  the  designer,  it  is  believed  that  a  much  more 
flexible  and  useful  CAD  package  can  be  developed. 
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II.  Objectives  of  the  Research  Effort: 

As  suggested  in  the  Introduction,  the  ultimate  goal  of  this  research  program  is  to 
develop  algorithms  which  allow  the  QFT  method  to  be  implemented  in  a  fully  automated 
CAD  package.  This  will  require  the  development  of  additional  theory  which  has  not  yet 
been  studied  in  the  context  of  the  QFT  problem.  After  a  brief  introduction  to  the  QFT 
design  method  and  a  statement  of  the  particular  sub-problem  being  studied,  a  discussion 
of  the  specific  accomplishments  of  the  summer  research  program  will  be  given. 

11.1  The  QFT  Problem: 

For  the  single-input,  single-output  (SISO)  system,  the  QFT  method  assumes  given  a 
linear  time-invariant  (LTI)  plant  P(s)  with  forward  loop  compensator  G(s)  and  prefilter 
F(s)  (both  also  LTI)  free  to  be  chosen  (Fig.  1).  Allowing  bounded  parametric  plant 
uncertainty,  closed  loop  performance  bounds,  stated  in  terms  of  upper  and  lower  bounds 
on  the  closed  loop  transfer  function  T(jco)  voe  [0,°o)  (Fig.  2),  are  translated  into 
corresponding  bounds  on  the  open  loop  transfer  function  (loop  transmission  function) 
L(jco)  =  P(j<o)  G(j(o)  vco  e  [0,°°).  The  transformation  between  closed  loop  and  open  loop 
bounds  may  be  accomplished  via  the  Nichols  Chart  (Fig.  3).  Here  for  a  typical  design 
problem[9]  the  open  loop  bounds,  denoted  B(co),  are  illustrated  for  the  discrete  set  of 
frequencies  to  e  }. 

The  B(co)  is  actually  a  set  of  contours  in  the  logarithmic  complex  plane  which,  at  each 
frequency,  define  allowable  regions  in  which  the  open  loop  L(jco)  must  lie  in  order  to 
satisfy  the  closed  loop  performance  bounds.  It  then  becomes  necessary  to  develop 
criteria  for  choosing  G(jco).  For  reasons  of  economy  of  bandwidth,  it  is  desirable  to 
choose  from  among  all  G(j©)  yielding  feasible  L(jco)  that  G(ja>)  having  the  smallest  high 
frequency  gain.  This  is  referred  to  as  the  "loop  shaping"  portion  of  the  QFT  design 
process. 

11. 2  Optimal  and  Sub-Optimal  Loop  Shaping 

Horowitz  has  shown[3]  that  the  ideal  optimal  (minimum  bandwidth)  L(ja>),  denoted 
L*( jco),  satisfies  the  following  necessary  condition: 
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(NC.l)  L*(j©)  lies  on  the  boundary  B(©)*  to  e  [0,») 

Furthermore,  L*(j©)  is  unique.  However,  there  exists  no  computational  means  for 
finding  it  or,  more  practically  speaking,  no  constructive  means  for  approximating  it 
closely. 

This  yet  unsolved  problem  may  be  described  more  specifically  as  follows.  The  QFT 
existence  and  uniqueness  theories[3]  state  that  given  B(©)*©  e  [0,°°),  there  exists  one  and 
only  one  L(j©)  lying  on  B(©)-*co  e  [0,«=),  and  an  L(jco)  having  such  property  is  the  unique 
optimal  L*( j©).  In  other  words,  knowledge  of  B(©)  -v©  e[0,°°)  completely  determines 
L*(j©),  and  no  additional  design  freedom  exists. 

In  the  practical  computational  case  this  is  not  so.  One  may  compute  the  bounds  B(©) 

only  at  a  discrete  number  of  frequencies  ©  e  { coj . ©v }  and,  in  this  case,  the  uniqueness 

property  is  lost;  i.e.,  an  L(jw)  function  lying  on  the  boundaries  B(©),  ©  e  {©lv..,©^ }  is  not 
unique.  An  additional  design  degree  of  freedom,  the  location  of  L(j©,)  on  B(©,  ),  exists 
at  each  frequency  ©; . 

By  specifying  B(©)  only  at  the  discrete  set  of  frequencies  ©e  {©],.. „©y }  we  have 
perforce  accepted  that  our  design  will  be  sub-optimal.  However,  by  exploiting  these 
additional  design  degrees  of  freedom  (which  have  heretofore  not  been  considered 
explicitly),  we  hope  to  develop  a  means  for  obtaining  the  "best"  sub-optimal  controller 
for  a  given  set  of  design  frequencies  {©i . ©^ } . 

II. 3  Review  of  Existing  Research  : 

Software  has  been  developed  by  Yaniv[8]  for  computing  loop  transmission  bounds 
B(©)  and  for  carrying  out  final  stages  of  the  QFT  design  process.  This  package  has  come 
into  wide  usage  within  the  QFT  community,  particularly  at  AFWAL/FIGL,  where  the 
software  has  been  applied  in  numerous  practical  problems.  However,  as  mentioned,  use 
of  the  software  requires  that  the  designer  carry  out  the  loop  shaping  portion  of  the  process 
by  hand,  off  line.  This  requirement  places  such  a  burden  upon  the  designer  that  many 
MIMO  design  problems  are  rendered  computationally  intractable.  Even  for  single  loop 
(SISO)  designs,  the  computational  effort  required  on  the  part  of  the  designer,  coupled 
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with  the  lack  of  a  definitive  loop  shaping  algorithm,  can  make  the  method  unattractive 
and  even  impractical. 

Designers  are  generally  unable  to  cope  with  the  question  of  bandwidth  minimization 
within  the  context  of  the  loop  shaping  problem.  Many  candidate  loop  shaping  designs 
which  are  deemed  "acceptable"  (largely  0n  the  basis  of  computational  tradeoffs)  may  fall 
well  short  of  the  optimal,  minimum  bandwidth  system.  Designers  generally  can  only 
satisfy  the  necessary  condition  (NC.l)  at  the  design  frequencies  {©,, . .  .  ,  cov }  and  the 
additional  design  freedom  available  is  either  ignored  entirely  or,  at  best,  used  implicitly 
through  rules  of  thumb.  A  practical  methodology  for  iterative  refinement  of  the  design  to 
achieve  further  bandwidth  reduction  has  not  been  demonstrated. 

A  non-interactive  computer  program  for  SISO  QFT  design  was  developed  by 
Horowitz  and  Rosenbaum[10](1975).  Although  the  program  incorporated  an  early  form 
of  loop  shaping,  the  algorithm  used  was  based  only  upon  the  satisfaction  of  the  necessary 
condition  (NC.l)  at  a  discrete  number  of  frequencies  and,  as  in  the  case  of  hand 
calculation,  bandwidth  minimization  could  not  be  explicitly  considered.  Due  to  the  high 
computational  demand  of  the  program  and  due  to  its  non-interactive  nature  (which  did 
not  allow  for  tradeoff  analyses  by  the  designer),  further  research  in  this  direction  was,  at 
the  time,  deemed  unjustified. 

More  recently,  Gera  and  Horowitz[ll](1980)  presented  an  alternative  method  for 
obtaining  the  optimal  L*  (jto)  using  equations  involving  Bode  integrals [12],  It  is  believed 
that  these  equations,  suitably  modified,  may  form  the  basis  of  a  candidate  loop  shaping 
algorithm.  With  recent  advances  in  computer  graphics  and  with  increased  computing 
power  available  to  facilitate  interactive  programming,  study  of  the  method  of  [11],  as 
well  as  study  of  other  candidate  loop  shaping  algorithms[13]  is  now  of  great  practical 
importance. 

///.  Accomplishments  of  the  Summer  Research  Program: 

The  two  primary  objectives  of  the  summer  research  program  were  to  study  the 
structure  and  usage  of  existing  QFT  design  software  and  to  carry  out  discussions  on 
specific  aspects  of  the  QFT  loop  shaping  problem  with  Prof.  I.  Horowitz  who  was  on  site 
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as  a  consultant  to  AFWAL/FIGL.  Additional  technical  discussions  were  held  with  Prof. 
C.  Houpis,  Dept,  of  Electrical  Engineering,  Air  Force  Institute  of  Technology,  who  was 
also  on  site  as  a  co-supervisor  of  the  summer  research  program. 

II  1.1  Enhancement  of  Existing  QFT  Software: 

Development  and  enhancement  of  existing  QFT  design  software  was  undertaken  with 
both  short  and  long-term  benefits  in  mind.  Study  and  improvement  of  the  existing  QFT 
design  package  furnished  by  Yaniv[8]  provided  immediate  benefit  to  FIGL  researchers 
and  AFIT  MS  students  who  found  the  improved  documentation  and  expanded  technical 
information  obtained  through  this  effort  to  be  of  great  value.  It  is  also  anticipated  that 
this  improved  documentation  will  be  of  further  benefit  as  it  will  be  used  in  a  QFT 
workshop  at  the  1989  NAECON  Conference. 

Detailed  study  of  this  software  package  is  also  of  great  long-term  value  inasmuch  as 
many  of  its  central  features  will  form  the  basis  of  an  expanded  package  for  QFT  design, 
one  which  will  eventually  incorporate  one  or  more  of  the  candidate  loop  shaping 
procedures  to  be  developed. 

III. 2  Development  of  Transfer  Function  Approximation: 

In  addition  to  the  study  of  the  existing  QFT  design  software,  effort  was  directed 
toward  the  further  development  of  a  program  for  least-squares  approximation  of  transfer 
functions  (TRANFIT[14])  based  upon  an  algorithm  developed  initially  by  Levy[15].  An 
attempt  was  made  to  redevelop  the  algorithm,  originally  intended  for  continuous-time 
magnitude  and  phase  data  (assuming  s  =  jar),  to  adapt  the  program  to  accept  data  for 
discrete  time  systems  (z  =  eJa>T).  This  effort  is  still  on-going,  and  the  results  should  be  of 
immediate  benefit  in  a  number  of  QFT  applications  involving  design  for  discrete  data 
systems[16]. 

Development  of  such  a  rational  function  approximation  algorithm  is  also  expected  to 
be  of  further,  long-range  benefit  since  such  an  algorithm  is  an  essential  component  of  the 
candidate  loop  shaping  method  based  upon[l  1]. 
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III.  3  Technical  Discussions  with  Prof.  /.  Horowitz: 

Based  upon  discussions  held  with  Prof.  Horowitz  over  the  course  of  the  research 
period,  it  was  agreed  upon  that  the  development  of  a  loop  shaping  algorithm  was  a 
realizable  goal  and,  if  suitably  implemented  in  an  interactive  computing  environment, 
that  it  would  represent  a  valuable  contribution,  increasing  the  overall  utility  of  the  QFT 
method. 

The  method  of  Gera  and  Horowitzfll],  as  well  as  a  nonlinear  programming  approach 
suggested  by  Polak  et  al.[13]  were  discussed  as  excellent  candidates  for  a  comparative 
study,  the  goal  of  such  an  effort  being  to  determine  their  viability  as  potential  loop 
shaping  algorithms.  The  most  prominent  criteria  suggested  for  evaluating  these 
candidate  methods  were  ease  of  implementation,  computational  effort  required,  and  the 
relative  adaptability  of  each  method  to  tradeoff  analyses. 

A  typical  tradeoff  analysis  in  the  loop  shaping  portion  of  a  QFT  design  problem 
would  involve  the  assessment  of  the  relative  merits  of  bandwidth  reduction  (achieved  by 
additional  design  iterations)  versus  the  relative  cost  of  computational  overhead  and 
increased  controller  complexity.  It  was  felt  that  the  ability  to  make  these  considerations 
during  the  course  of  a  design  was  of  the  utmost  practical  importance,  and  the 
development  of  an  automated  design  methodology  capable  of  allowing  the  engineer  to  do 
so  represented  the  greatest  potential  contribution  in  this  area  of  QFT  research. 

IV.  Recommendations: 

The  potential  value  of  a  loop  shaping  algorithm  that  may  be  incorporated  into  a  CAD 
package  for  QFT  design  has  been  enunciated,  and  the  desirable  features  of  such  a 
package  have  been  outlined.  The  research  directions  to  be  followed  in  order  to  realize 
these  goals  will  now  be  discussed. 

IV.  1  Software  Development: 

Interactive  software  must  be  developed  which  incorporates  all  aspects  of  the  QFT 
design  formulation  and  which  allows  for  the  implementation  of  various  candidate  loop 
shaping  algorithms.  In  addition  to  interactive  graphical  displays  of  the  pertinent  QFT 
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design  data,  additional  analysis  tools  must  be  developed  in  order  to  assess  the  relative 
effectiveness  and  desirability  of  various  loop  shaping  methods. 

IV. 2  Analytical  Development: 

Additional  theoretical  work  must  be  undertaken,  not  only  to  adapt  the  theoretical 
developments  of  Gera  and  Horowitz[ll]  and  of  Polak  et  al.[13]  to  implementable  loop 
shaping  algorithms,  but  also  to  develop  the  analytical  tools  needed  in  order  to  assess  the 
relative  merits  of  each.  Such  issues  have  not  yet  been  developed  in  this  context. 

In  particular,  the  method  of  [13]  is  used  for  solving  nonlinear  programming  problems 
similar,  but  not  identical  to  those  obtained  by  the  QFT  formulation.  A  number  of  subtle 
mathematical  issues  must  be  resolved  in  order  to  adapt  this  methodology  to  the  QFT 
problem. 

It  is  felt  that  the  resolution  of  these  questions  and  the  ultimate  development  of  a 
suitable  loop  shaping  algorithm  would  represent  a  significant  achievement  and  would  be 
a  great  enhancement  to  the  QFT  design  method. 
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Assumed  QFT  Feedback  Configuration 


Fig.  2 

Upper  and  Lower  Bounds  on  Closed  Loop  Transfer  Function 
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Fig.  3 

Illustration  of  design  bounds  and  loop  transmission  function 
for  example  design  problem  [9J. 
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ABSTRACT 

Modulation  Spectroscopy1  >2  and  Electroreflectance  (ER)  in  particular  have  been 
used  extensively  to  characterize  semiconducting  materials.  Photoreflectance  (PR),  a 
contactless  form  of  ER,  is  being  realized  as  a  method  of  characterizing  semiconductors 
nondestructively.  This  paper  shows  that  PR  allows  for  quick  determination  of  the  band 
gap  energy,  and  doping  level  in  Gallium  Arsinide  (GaAs).  It  also  allows  for  the 
determination  of  alloy  composition  of  GaAs/Aluminum  Gallium  Arsinide  (AlxGa-|_xAs) 

quantum  wells. 
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I  wish  to  thank  the  Air  Force  Systems  Command  and  the  Air  Force  Office  of  Scientific 
Research  for  sponsorship  of  this  research.  I  would  also  like  to  thank  the  Materials 
Laboratory  for  allowing  me  to  use  their  facilities  for  my  research.  Universal  Energy 
Systems  also  deserves  mention  for  their  help  with  the  administrative  aspects  of  the 
program. 

Many  people  helped  to  make  my  summer  a  rewarding  experience,  these  include  Lt.  Kevin 
Schoen,  Ron  Perrin,  Dr.  P.M.  Hemenger,  and  Dr.  W.  Mitchel.  I  would  like  to  thank  Dr.  D. 
Gaskill  and  Dr.  W.  Theis  for  their  help  with  the  theoretical  background  of  this  report.  I 
would  especially  like  to  thank  Dr.  Mike  Sydor  who  provided  me  with  a  wealth  of 
knowledge  and  experience. 


I.  INTRODUCTION: 


GaAs  has  been  an  important  semiconductor  for  use  in  many  high  technology  devices. 
Recently  there  has  been  a  desire  to  grow  alternating  layers  of  GaAs  and  AIGaAs  to 
produce  quantum  well  structures.  These  structures  have  the  potential  for  being  used  in 
infrared  (IR)  detectors. 

The  Materials  Laboratory  of  the  Air  Force  Wright  Aeronautical  Laboratory  at  Wright- 
Patterson  Air  Force  Base  is  particularly  interested  in  characterizing  both  GaAs  and 
GaAs/AIGaAs  structures  grown  by  Molecular  Beam  Epitaxy  (MBE).  There  is  a  need  to 
improve  the  samples  grown,  and  to  be  able  reproduce  the  high  quality  samples. 

My  research  interests  are  in  the  area  of  the  growth  and  characterization  of  various 
semiconducting  structures.  By  working  with  the  Materials  Laboratory,  I  have  gained  a 
knowledge  of  how  to  characterize  GaAs  and  AIGaAs  samples  using  PR. 
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II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT: 


Currently,  the  samples  grown  by  the  MBE  group  are  characterized  by  Hall 
measurements,  which  determine  the  doping  levels,  and  Photoluminescence  (PL),  which 
determines  the  band  gap  energy.  Another  method  of  characterizing  the  samples  is  desired 
since  both  methods  require  cryogenic  temperatures,  which  is  cumbersome.  The  Hall 
measurements  also  require  the  anodization  of  leads  to  the  sample,  thus  destroying  it. 

My  assignment  as  a  participant  in  the  1988  Graduate  Student  Research  Program  (GSRP) 
was  to  assist  Professor  Mike  Sydor  in  the  construction  of  a  PR  station.  Once  completed, 
various  samples,  grown  by  the  MBE  group,  were  studied.  I  then  analyzed  the  data,  on  a 
Vax  microcomputer,  to  see  if  PR  could  be  used  as  a  characterization  tool. 
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III. 

a.  The  PR  signals  for  the  samples  can  be  classified  into  two  categories  according  to  the 
magnitude  of  the  surface  electric  field,  Es.  The  first  is  the  high  field  region  where  the 

surface  field  is  large.  This  is  usually  the  case  for  doped  samples.  The  second  is  called  the 
low  field  region.  This  is  usually  the  case  for  undoped  samples.  Aspnes3  showed  that  the 
PR  signal  is  in  the  low  field  limit  when: 

fra  <173  (1) 

trft  is  a  characteristic  energy  associated  with  the  critical  point.  It  is  related  to  Es  by: 

-frn=(e2Es2tr2/8u)1/3  (2) 

Where  ji  is  the  interband  reduced  mass,  r  is  a  broadening  parameter  for  the  critical 
point  energy,  ECp.  Aspnes3  derived  a  quick  rule  of  thumb,  that  if  the  PR  signal  is  such 
that: 

AR/R<10‘4  (3) 

then  the  signal  is  in  the  low  field  limit. 

b.  In  the  low  field  region  the  line  shape  is  given  by3: 

AR/R=Re{Cei6(tr  to-Ecp+ir)'n}  (4) 
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Wheretra  is  the  energy  of  the  probe  beam,  C  and  6  are  an  amplitude  and  phase  factor  that 
vary  slowly  with  fro),  n  refers  to  the  type  of  critical  point  in  question,  n-2,  2.5,  3  for  an 
exciton,  a  three  dimensional  band  to  band,  and  a  two  dimensional  band  to  band  transition 
respectively. 

An  undoped  GaAs  signal  is  shown  in  figure  1.  The  structure  is  broad  and  the  signal  is 
small  so  that  the  low  field  limit  is  applicable.  The  cun/e  was  fitted  using  an  excitonic 
transition  of  the  third  derivative  form  (TDF)  given  by  Eqn(1).  The  fit  was  good  as  can  be 
seen  by  the  smoothed  curve  of  fig.  I.The  fit  showed  an  excitonic  structure  at  1.415  eV.  It 
is  believed  that  the  signal  also  includes  a  band  to  band  structure,  which  is  masked  by  the 
excitonic  transition. 

A  highly  In  and  Si  doped  GaAs  bulk  PR  line  shape  is  shown  in  fig.  2.  It  has  been  argued4 
that  extremely  highly  doped  samples  exhibit  a  flat  band  condition,  and  can  thus  be  fitted 
using  TDF.  The  curve  was  fitted  using  a  sum  of  an  exciton  and  a  three  dimensional  band  to 
band  transition  of  the  TDF.  Again  the  fit  was  good  as  can  be  seen  from  the  smoothed  curve 
of  fig.  2.  The  fit  gives  the  value  of  the  band  gap  energy  at  1.421  eV.  This  agrees  well  with 
the  value  determined  from  other  optical  methods. 

c.  In  the  high  field  limit,  the  PR  signal  is  proportional  to  the  product  of  airy  functions 
and  their  derivatives.  These  take  the  asymptotic  former 

AR/R=cos{(2/3)[ftru-ECp)/trD]3/2+n(d-1)/4}  (5) 
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Where  d  is  the  dimensionality  of  the  critical  point.  For  GaAs,  with  a  direct  transition, 
d-3.  This  fine  shape  has  an  oscillatory  nature,  where  the  oscillations  are  termed  Franz- 
Keldysh  Oscillations  (FKO).  Fig.  3  shows  the  PR  trace  for  a  moderately  Si  doped  GaAs 
sample.  The  extrema  for  the  FKO  are  given  by6: 

rtr(0}j=-n-O(F])+Eg  j=0,1 ,2,...  (6A) 

Fj=[37t(j+1/2)/2]2/3  (6B) 

As  indicated  by  Eqn(6),  a  plot  of  tTrcolj  vs  Fj  is  a  straight  line  with  slope  fra,  and 
intercept  Eg,  the  band  gap  energy.  This  plot,  shown  in  fig.  4,  uses  the  FKO  extrema 
marked  1 ,2,3  in  fig.  2.  It  gives  a  band  gap  energy  of  Eg=  1 .420  eV.  This  again  agrees 
well  with  the  value  determined  by  other  optical  techniques.  NowtrQ  is  related  to  Es  by 
Eqn(1).  By  assuming  a  reduced  mass6  p=.057me  the  surface  electric  field  can  be 
determined. 

Bottka  et  al7  have  shown  that  the  field  so  determined  is  related  to  the  carrier 
concentration,  N,  and  the  built-in  potential, Vb,  by  the  generalized  Schottky  equation: 

Es=[2eN(Vb-Vp-kT/e)/icep/2  (7) 

Vp  is  the  quasi-equilibrium  photovoltage  of  the  laser,  kT/e  is  a  thermal  term,  and  ke  is 

the  dielectric  constant  times  the  permitivity  of  free  space.  Because  of  pinning  at  the 
surface  Vb».73  volts6  and  k=13.18  tor  GaAs7.  Vp  was  determined  from  Eqn(7)  using 

calibrated  samples  where  N  was  known. 
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Using  the  calibrated  samples  a  curve  of  (E2-E1),  where  E2  and  Ei  refer  to  the  energies 
of  the  second  and  first  FKO  respectively,  vs  N  was  plotted.  This  curve  is  shown  in  fig.  5. 
The  samples  grown  by  the  MBE  group  are  also  shown  on  the  graph.  They  fall  reasonably 
well  along  the  curve.  For  comparison,  some  of  the  Hall  and  PR  values,  determined  by  the 
FKO,  of  carrier  concentrations  are  listed  in  Table  1. 

d.  PR  can  also  be  used  to  determine  the  alloy  composition  in  GaAs/AlxGa-|_xAs  quantum 
wells.  The  energy  position  of  the  AlxGa-|.xAs  line  shape  structure  is  related  to  the  mole 
fraction,  x,  of  aluminum  by9: 


E(x)=1 .424+1 ,247x  (8) 

A  PR  trace  for  a  GaAs/AlxGai.xAs  structure  grown  by  the  MBE  group  is  shown  in  fig.  6. 
From  the  energy  position,  E(x}=1.733  eV,  the  mole  fraction  was  determined  to  be 
x=.25.  This  is  in  good  agreement  with  the  value,  x=.21,  determined  by  Reflection  High 
Energy  Electron  Diffraction  (RHEED). 
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IV.  RECOMMENDATIONS: 


a.  PR  has  been  shown  to  be  a  viable  method  for  quick  characterization  of  samples.  It  can 
be  used  to  help  improve  the  quality  of  the  samples  grown  by  the  MBE  group. 

b.  The  possibility  of  using  PR  in  situ,  in  the  MBE  machine,  should  be  considered.  It  has 
the  possibility  of  allowing  even  better  quality  control  of  grown  samples. 
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Sample 


Hall  Value 


PR  Value 


Yen12 

2.1x10  14 

14 

1.5x10 

Yen13 

1.5x10  14 

14 

2.7x10 

Yen14 

2.1x1014 

14 

1.6x10 

Yen  16 

4.2x10 14 

14 

2.2x10 

Mo5-128 

1.8x10  15 

1.8x10  15 

Table  t :  A  comparison  of  Hall  and  PR  determined  values 
of  carrier  concentration  for  selected  samples 


59-16 


As  quantum  well  structure  with 
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ABSTRACT 

Using  an  approximate  analytical  solution,  zeroth  and  first  order  correction  terms  of 
dopant  concentration  profiles  were  calculated  for  several  special  cases  of  concentration 
dependence  of  diffusivity.  The  three  cases  of  the  dependence  studied  were  D=DVCV, 
D=Deexp(kC),  and  D=Dosinh2(kC).  These  were  compared  with  numerical  results  obtained 
from  a  forward  time  centered  space  (FTCS)  differencing  of  the  nonlinear  diffusion 
equation.  Close  agreement  was  obtained  for  some  cases  indicating  that  the  analytical 
approach  may  be  an  attractive  alternative  to  the  central  proccessing  unit  intensive  numerical 
integration  of  the  dopant  diffusion  equation. 
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Nonlinear  diffusion  processes  play  important  roles  in  many  areas  of  engineering 
and  physics.  In  particular  the  dopant  profile  during  annealing  of  ion-implanted 
semiconductors  may  display  "concentration-enhanced"  diffusivity.1  An  understanding  of 
this  process  is  necessary  in  order  to  control  electrical  properties  of  these  ion-implanted 
semiconductor  materials. 

The  materials  laboratory  of  the  Air  Force  Wright  Aeronautical  Laboratories  at 
Wright  Patterson  Air  Force  Base  has  studied  ion-implanted  semiconductors  in  order  to 
optimize  characteristics  for  infra-red  detectors. 

My  background  in  solid  state  physics  as  well  as  experience  with  computers  and 
programming  proficiency  contributed  to  my  assignment  to  this  project. 

II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 


Direct  numerical  integration  of  the  nonlinear  diffusion  equation  while  simple  and 
straightforward  has  several  drawbacks.  Among  them  the  major  one  being  the  large 
amounts  of  computer  time  required  to  obtain  the  final  dopant  profiles.  An  analytical 
solution  could  be  physically  transparent  and  many  times  more  efficient  in  calculating 
profiles. 

Recently  Moroi  and  Hemenger2  have  developed  such  an  analytical  solution.  My 
assignment  as  a  participant  in  the  1988  Summer  Graduate  Student  Research  Program 
entailed  obtaining  dopant  profiles  from  the  anlaytical  solution  and  comparing  them  with 
profiles  obtained  from  numerical  integration  of  the  nonlinear  diffusion  equation.  This  work 
is  a  continuation  and  elaboration  of  the  work  of  Bucey.3 


An  additional  objective  added  during  my  work  was  the  numerical  evaluation  of  the 


integral  of  the  Greens  function.4 

111.  NUMERICAL  INTEGRATION  OF  NONLINEAR  DIF_FUS!ON  EQUATION 


The  one  dimensional  nonlinear  diffusion  equation  is 


3C 

dt 


z,  t  £  0 


(1) 


where  C(z,t)  is  the  concentration  at  position  z,  time  t,  and  D[C(z,t)J  is  the  diffusivity  which 
may  be  an  arbitrary  function  of  the  concentration. 

Using  the  FTCS  method5'6  this  may  be  differenced  as 


q«+ao-c<m>+5j£_ 


{(D[C(z+Az,t)]+D[C(z,t)])(C(z+Az,t)-C(z,t)) 


-(D[C(z-Az,t)]+D[C(z,t)])(C(z,t)-C(z-Az,t)) }  (2) 

where  At  is  the  time  step  and  Az  the  space  step.  This  equation  allows  us  to  obtain  the 
concentration  at  a  particular  grid  point  with  coordinates  z  and  t+At  in  terms  of  the 
concentration  at  adjacent  grid  points  z-Az,  z,  and  z+Az  at  time  t.  Known  initial  and 
boundry  conditions  provide  values  necssary  to  start  the  calculation.  The  solution  will  be 
stable  and  non-oscillatory  for  boundry  conditions  that  remain  constant  with  time  if5 


D[C(z,t)] 


(At)  ^1 
(Ax)2  4 


In  practice  this  was  satisfied  by  choosing  At  such  that 


(3) 
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(4) 


**  (Ax)2 

where  Dmax  was  the  maximum  diffusivity.  Boundry  conditions  are2 


3C(z,t)|  =Q 

dz  I z=0 

C(oo,t)  =  0  . 

Equation  (5)  was  attained  by  setting  C(-Az,t)  =  C(Az,t),  in  effect  mirroring  about  z=0  7, 
and  Eq.  (6)  by  continuing  the  calculation  to  sufficiently  large  values  of  z  such  that  the 
concentration  was  less  than  some  small  value  (typically  0.001  Cmax). 

The  numerical  calculations  were  computed  with  program  NONLIN  (see  appendix). 
At  first  the  initial  dopant  profile  was  chosen  to  be  a  truncated  Gaussian. 


(5) 

(6) 


Cq(z)  =  Cmex 


P  * 


(z-z0)2' 


2S02 


(7) 


Later  the  program  was  slightly  modified  to  read  in  an  arbitrary  initial  dopant  profile.  Ghez, 
et  al.1  have  found  that  the  dopant  profile  of  an  ion-implanted  silicon  wafer  is  well 
represented  by  a  truncated  Gaussian. 

Three  different  functional  dependencies  of  the  diffusivity  on  concentration  were 
examined. 


D-DyCV  (8) 

D  =  Deexp(kC)  (9) 

D  =  Dosinh2(kC)  (10) 

For  the  cases  given  by  Eqs.  (8)  and  (9)  the  initial  dopant  profile  was  the  truncated  Gaussian 
while  for  the  case  given  by  Eq.  (10)  it  was  a  slightly  modified  form. 
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IV.  ANALYTICAL  SOLUTION 


By  introducing  new  variables  defined  by 


z 


C  =  C(z.t)  =  j9[C(z',t)]  D*1[C(z',t)]  dz' 

(ii) 

t 

x  =  x(z,t)  =  j92[C(z,t')]  D-i[C(z,t')]  dt' 

(12) 

C(z,t) 

r  =  n;,x)  =  p  J9(C')  dC' 

(13) 

Moroi  and  Hemenger  have  been  able  to  transform  Eqs.  (1)  and  (5)-(7)  into 


ar  a2r 


ax  *  ac2  ” e 

(14) 

Co(z) 

r0(C)  =  r(C,o)  =  pj9(C')  dc' 

(15) 

£|  =o 
axlc=o 

(16) 

r(oo,x)  =  o 

(17) 

where  P  is  a  constant  scaling  factor  and  e  is  given  by 


e  =  e(C,t)  =  ^21.rSaJ. 

dx  9  oz  L9  °z. 


ar  D_a; 

a^  <p2  at 


a2r  pat  |  a2r 
axac  9  az  dx2 


Dat 
L9  az 


(18) 


Two  different  functional  forms  of  cp(C)  were  considered. 


cp  =  aVD  (19) 

9  =  cxD  (20) 


By  setting 
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r=r(o)  +  ra> 


(21) 


they  were  able  to  use  a  standard  perturbation  method  to  get  an  approximate  solution  to  Eq. 
(14). 

In  Eq.  (21)  r(°)  and  TO)  are  the  zeroth  and  first  order  terms  in  the  perturbation  and 
satisfy  the  following  equations 


-  =  0 

(22) 

=  e(0) 

(23) 

8r(Q)  WO) 

^  '  3£2 
3rd)  w1) 

3t  *  a;2 

with  the  appropriate  initial  and  boundry  conditions.  The  e(°)  is  given  by 

e(°)(£/0  =  e(C>x)lr_>r(0)  • 

The  solution  to  Eq.  (22)  satisfying  the  initial  and  boundry  conditions  is 


(24) 


r(°)(C,t)=-p= 

y4m 


oo 

r 


exp 


(C-O2' 


4x 


+  exp 


(C+O2' 


4t 


r0(OdC'  (25) 


The  solution  to  Eq.  (23)  satisfying  the  initial  and  boundry  conditions  is 


X  OO 


rd)(C,x)  =  JJg«;,t  |  C',x')  e(0)(C',t')  dC'dt' 

where  G(£,x  |  £70  is  the  Greens  function  and  is  given  by 


(26) 


G(C,t  |  £',x')  = 


V 47t(T  -  t') 


exp 


(C-O2 
L  4(x-x'). 


+  exp 


(C+O2' 


L  4(x-x0 


(27) 


60-8 


The  concentration  in  real  space  time  is 


C(z,t)  =  C(°)(z,t)  +  CO>(z,t)  (28) 

where  C(°)  and  CW  are  determined  by  Eq.  (13). 

C<°)(z,t) 

r(°H^t)  =  p  J(p(C0dC'  (29) 

and 


C(z,t) 

rd)(C,T)  =  (J  [(P(C')  dCT  =  pc(l)(z,t)  (p[c(0)(z,t)]  .  (30) 

C<°)(z,t) 

For  the  choice  of  <p  =  ocD  the  special  case  for  the  functional  form  of  the  diffusivity  studied 
was 


D  =  DyCv  .  (8) 

For  this  case  the  initial  dopant  distribution  in  real  space  was  a  truncated  Gaussian. 

Co(z)=Cmexij-(-||2£  (7) 

Equations  (11)- (13)  and  (18)  become 


C  =  az 

t 

x(z,t)  =  a2Dv  Jcv(z,t')  dt' 

(31) 

(32) 

F(0)(^T)  =  ^2£lc(0)(v+1)(z,t) 
v+1 

(33) 

+2 


'3rco)x" 

/3Td»f" 

921X0) 

'  v  xar(Q) 

l*  J 

9t 

1 

92  rxo)  jv) 

U  J 

_9t9£ 

^v+1  J  9x 

ixo)  _ 

ac 

9r2  (^v+ly 

rxo) 

jv 


'if  «> 


with 


IXO )'« lXO)(^tO 


(35) 


and 


V  V  f— ) 

— -  rtoilvti; 

3?  lv+l/ 


9r 


ar(0,'[mf(^+Vdx 


ac 


)dx' 


(36) 


The  initial  distribution  in  the  new  space  is  given  by 


r0(C>  -  rm  exP[-(C-Co)2] 


where 


(37) 


a(3Dv  , 

rm  = - -Cmv+i 

v+1 


a  = 


V 


v+1 

— 


so 


(38) 


(39) 


The  LHS  of  Eq.  (33)  is  obtained  by  substituting  Eq.  (37)  into  Eq.  (25)  and  integrating  over 

C': 


rC°)(C,x)  =  — -  {  exp(-vX+))erfc(^(+))+exp(-w(-))erfc(^‘)) }  (40) 

2^4x+l 

where 


wwJSS£ 

(4x+l) 

^(±)  =  ±^~4^ 
V 4t(4t+l) 

and  erfc(£,)  is  defined  by8 


(41) 

(42) 


erfc(^)  =  —=.  Jexp(-x2)dx  . 


In  practice  erfc(^)  was  evaluated  by6 


(43) 


where 


(  9  ^ 

erfc(^)  =  t  exp  -z^  +  ]£  aj  t* 

V  «=° 

7  9 


erfc(^)  =  2  - 1  exp 


-z^  + 


S  a»  1‘ 


i=0 


y 


^->o 

^  <  o 


z  =  1^1 


(44) 


ao  = -1.26551223  ai  =  1.00002368 
34  =  -0. 1 8628806  a5  =  0.27886807 
a8  = -0.82215223 


a2=  0.37409196  a3  =  0.09678418 
36  =  -1.13520398  a7=  1.48851587 
a9  =  0.17087277 
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For  the  choice  of  a  =  aVD  the  special  case  for  the  functional  form  of  the  diffusivity  studied 
was 


D  =  D0sinh2(kC) .  (10) 

For  this  case  the  initial  dopant  distribution  is  a  truncated  Gaussian  in  the  transformed 
variables. 


r0(C)  =  rm  exP[-(C-£o)2] 

Equations  (11)-(13)  and  (18)  now  become 


(37) 


C(z,t)  = 


^J^JiTnh(kC(z',t)) 
x  =  a2t 


dz' 


r(0)(C,x)  =  A[cosh(kC(0>)  -  l] 

arto) 


e(°)(^,T)  = 


V  r(0)(r(0)+2A) 


V>-+A]^ 

^r(0)'(rc°)'+2A) 


-dC 


(45) 

(46) 

(47) 

(48) 


with 


A  aPVDo 

A-  k  • 

From  Eq.  (47)  we  obtain  rm  in  terms  of  Cm- 

rm  =  A[cosh(kCm)-  1] 
The  LHS  of  Eq.  (47)  is  given  by  Eq.  (40). 


(49) 


(50) 
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Note  that  because  of  the  relationship  between  C  and  z  in  Eq.  (45)  the  initial  dopant 
distribution  in  real  space  is  not  a  truncated  Gaussian. 

The  two  choices  for  cp,  9  =  ctD  and  <p  =  aVD  were  implemented  in  the  programs 
FIRSTO  and  CA  respectively  (see  appendix).  Results  are  plotted  in  Figs.  1-13. 

For  the  case  <p  =  aD  numerical  problems  were  encountered  in  evaluating  e(°).  It 
was  determined  that  for  some  values  of  the  variables  certain  terms  with  different  signs  in 
Eq.  (34)  increased  towords  infinity.  An  attempt  was  made  to  rewrite  Eq.  (34)  in  a  form 
more  suitable  for  computation.  This  attempt  was  not  completely  successful.  However  the 
program  FIRSTO  did  produce  zereoth  order  results  since  the  zereoth  order  term  does  not 
depend  on  e(°). 

For  the  case  in  which  <p  =  a>/D  the  expression  for  e(°)  is  much  simpler  and  good 
agreement  between  the  analytical  and  numerical  results  was  obtained  for  several  values  of 
the  parameter  k  (see  Figs.  5-13). 

V.  RECQMENDATIQNS 

The  programs  presented  in  the  appendix  are  documented  to  provide  guidance  for 
their  use  and  modification.  All  are  written  in  FORTRAN77  and  were  run  on  a  Microvax 
III. 

More  work  on  the  case  where  9  =  ocD  may  lead  to  a  form  of  e(°)  that  is  suitable  for 
numerical  calculation.  This  case  is  attractive  because  the  initial  dopant  profile  in  real  space 
is  a  truncated  Gaussian  which  has  been  found  to  accurately  fit  experimental  dopant  profiles. 
For  the  case  where  9  =  aVD,  although  the  initial  dopant  profile  is  not  a  truncated  Gaussian 
it  differs  primarily  in  the  tail  regions  at  low  concentrations.  Therefore  it  may  describe  the 
profile  adequetly  in  the  region  of  interest.  An  analysis  of  how  well  experimental  dopant 
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profiles  could  be  fit  with  this  functional  form  could  help  determine  the  usefulness  of  this 
case. 
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Concentration  C/Cm  Concentration  CIC  m 


i.O-i 


'.On 


Normalized  Distance  z/zO 

Figure  1.  Numerical  dopant  profiles. 
D=DVCV.  v=l. 


Normalized  Distance  z/zO 

Figure  3.  Zeroth  order  analytical  dopant 
profiles.  D=DVCV.  v=l. 


Normalized  Distance  z/zO 

Figure  2.  Numerical  dopant  profiles. 
D=Deexp(kC).  k=l. 


Figure  4.  Zeroth  order  analytical  dopant 
profiles.  D=Deexp(kC).  k=l. 
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Concentf  atfon  C/C  rn 


Normalized  Distance  z/zO 


Normalized  Distance  z/zO 


Figure  5.  Numerical  dopant  profiles.  Figured  Zeroth  order  analytical  dopant 

D=D0sinh2(kC).  k=^.  Proflles-  D=DoSinh2(kC). 


Normalized  Distance  z/zO 


Figure  7.  First  order  corrected  analytical 
dopant  profiles.  D=D0sinh2(kC).  k=^. 
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Can  Design. For  Extruded  Povder  Metallurgy  Materials,  and  the 
Effects. of  Can  geometry  and  Can  Material  on  the  Povder 
Metallurgy  Material  Core. 
by 

Robert  L.  Goetz 

abstract 

The  objective  of  this  project  vas  to  examine  the  effects  of  "can”  thickness 
and  "can"  material  on  the  state  of  stress  and  the  uniforaity  of  the 
velocity  field  for  the  co-extrusion  of  a  "canned"  P/M  material .  The 
process  was  simulated  as  isothermal  using  the  FEM  code  MME-ALPID.  Three 
can  thicknesses  were  simulated;  1/8",  1/4",  and  1/2".  The  P/M  material  used 
was  IN100,  and  Austenitic  Stainless  Steel  was  used  for  the  "can"  material. 
Simulations  proceeded  to  the  point  where  the  nose  cap  was  extruded  before 
reneshing  was  required.  Initial  results  show  that  the  1/8"  can  will  possibly 
fracture.  The  1/4"  can  has  a  more  uniform  deformation  than  1/8"  can.  No 
conclusions  have  been  made  about  the  1/2"  can  as  yet.  The  stress  ratio  of 
om/o  in  the  1/4"  can  shows  a  transition  from  compressive  to  tensile  stresses 
near  the  die  exit.  It  is  recommended  that,  in  addition  to  the  present  simula¬ 
tion,  a  non-lsothermal  simulation  using  ALPID  be  made,  and  that  ALPIDP  be 
used  for  a  comparison.  These  projects  would  ultimately  aid  in  the  "can” 
design  for  any  P/M  material. 
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I.  introduction: 

One  of  the  goals  of  the  Processing  Science  In-House  Research  Group  Is  to 
develop  analytical  aodeling  techniques  for  Manufacturing  processes,  and  it 
is  hoped  that  this  project  will  provide  a  better  understanding  of  the  co- 
extruslon  of  "canned"  povder  metallurgy  (P/M)  materials.  The  results  from 
this  project  can  then  be  applied  to  the  actual  extrusion  vork  being  perfor¬ 
med  at  the  Experimental  Metal  Processing  Laboratory  (EMPL).  The  objective 
of  this  project  is  to  model  the  co-extrusion  of  a  "Canned"  P/M  material 
through  a  streamlined  die  using  the  finite  element  code  MME-ALPID.  ALPID 
stands  for  "Analysis  of  Large  Plastic  Incremental  Deformation".  ALPID  vas 
developed  by  Battelle's  Columbus  Laboratories  under  Air  Force  contract. 

MME  refers  to  the  Material  Modeling  Environment  developed  by  Universal 
Energy  Systems-Knovledge  Integration  Center  (UES-KIC) . 

The  process  of  extruding  "canned”  P/M  materials  is  similar  to  the  drawing 
or  extruding  of  bi-metal  wire.  However,  it  is  different,  in  that  in  this 
case,  it  is  used  as  a  conditioning  process  for  P/M  materials.  Extrusion 
is  used  to  compact  the  P/M  material  to  as  close  to  100%  density  as  possible 
vhile  completely  deforming  the  material  in  a  uniform  manner.  Other  methods 
of  compaction,  like  forging,  do  not  offer  the  uniform  deformation  that 
extrusion  using  streamlined  dies  does.  Processes  like  forging  cause  tensile 
stresses,  which  lead  to  defects,  whereas  extrusion  usually  doesn't.  The 
"can"  has  several  functions.  First,  it  acts  as  the  container  for  the  powdered 
material.  Secondly,  it  acts  as  an  insulator  from  the  chilling  effects  of  the 
die.  Also,  certain  high  temperature  alloys  must  be  processed  in  an  evacuated 
environment  to  avoid  oxidation.  Thus,  most  cans  are  evacuated  after  the  can 
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has  been  filled  with  the  P/M  aaterial.  P/M  aaterials,  In  general,  are 
advantageous  because  they  offer  the  possibility  of  a  fine  grain  structure, 
vhich  usually  aeans  high  strength  and  hardness.  Also,  greater  control  over 
an  alloy's  alxture  and  purity  is  possible,  casting  of  these  alloys  leads  to 
large  voids  and  defects,  vhich  requires  further  defornatlon  processing. 
Hovever,  the  never  alloys  of  Interest  to  the  aerospace  industry,  those  that 
offer  large  strength  to  veight  ratios,  are  very  hard  to  defora. 

A  second  reason  for  doing  can  extrusions  is  for  the  validation  of  a  aaterials 
behavior  as  predicted  by  the  MME  processing  aaps  vhich  shov  the  stable/ 
unstable  regions  of  a  aaterial  based  on  strain  rate  and  teaperature. 

These  aaps  are  constructed  using  coapression  test  data  generated  at  various 
teaperatures  and  strain  rates,  and  observing  the  effects  on  actual  grain 
structure.  A  possible  P/M  aaterial  for  this  project  is  Tltaniua-Aluninide, 
T1A1.  It  is  currently  being  extruded  at  EMPL,  but  at  a  teaperature  of  around 
1350-1400°C.  The  processing  aaps,  hovever,  only  go  to  1350°C  due  to  testing 
llaitations.  ALPID  simulations  of  this  aaterial  at  these  lover  teaperatures 
aust  be  done  in  conjunction  vith  actual  extrusions  to  validate  the  aaps. 
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II.  OBJECTIVE: 


The  objective  of  this  project  is  to  examine  the  effects  of  can  thickness 
and  can  aaterial  on  the  state  of  stress,  and  the  uniformity  of  the  veloc¬ 
ity  field  of  the  P/M  aaterial  inside.  Figure  1  shows  the  can  dimensions 
used  in  the  isothermal  ALPIO  simulations  .  Three  can  thicknesses  have 
been  chosen,  and  are  typical  of  those  used  at  EMPL.  They  are;  1/8",  1/4", 
and  1/2".  A  typical  can  material  is  austenitic  stainless  steel  and  for  the 
simulations,  IN100  will  be  used  as  the  P/M  core  material. 

Specifically,  it  is  hoped  that  the  tensile  forces  at  the  "can/core"  inter¬ 
face  will  be  shown.  From  Avitzur  [21,  it  is  known  that  the  more  ductile 
of  the  two  materials  will  flow  more  easily,  and  depending  on  the  amount  of 
friction  at  the  interface,  a  tensile  force  will  be  applied  on  the  less  duc¬ 
tile  of  the  two  materials.  It  is  known  that  to  avoid  the  defect,  central 
bursting,  axial  tensile  stresses  must  be  avoided.  Axial  tensile  stresses 
occur  when  the  ratio  of  mean  stress,  crm,  to  effective  stress,  a,  is  greater 
than  -2/3  (11.  Thus,  central  bursting  is  avoided  when  am/a  <  -2/3.  It  i3 
hoped  that  by  changing  the  can  thickness,  the  ratio  of  am/a  will  show  the 
likelihood  of  central  bursting  as  a  function  of  thickness.  The  uniformity  of 
the  velocity  field  will  be  examined  using  the  grid  distortion  and  the  strain 
rate  contours  as  the  billet  moves  through  the  die.  As  stated  above,  the  P/M 
aaterial  selected  for  the  project  was  IN10Q.  It  was  selected  because  stress/ 
strain  compression  data  was  readily  available  on  the  MLLM  micro-VAX  in  the 
MME  database.  However,  no  such  data  was  available  in  the  MME  database  for 
any  type  of  stainless  steel  .  Thus,  a  literature  search  was  required  for 
pertinent  data  on  any  suitable  stainless  steel. 
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III.  EXTRUSION  PARAMETERS: 


Relevant  extrusion  parameters  include  temperature,  raa  velocity,  coefficient 
of  friction,  die  geometry,  material  constitutive  values  and  can  geometry. 

A  temperature  of  1900<>F  vas  chosen  for  the  simulation.  At  this  temperature, 
the  extrusion  is  veil  into  the  plastic  region  of  any  stainless  steel  used 
for  the  can,  and  any  work  hardening  effects  can  be  neglected.  This  also 
affects  the  constitutive  equation  used  by  ALPID  to  calculate  flov  stresses 
for  the  Stainless  Steel  can.  The  equation  is  as  follows; 

n  m 

a  =  k*(£)*U)  (1) 

vhere:  <F  =  flov  stress 

£  *  true  strain 

£  =  strain  rate 

n  =  strain  hardening  factor 

a  =  strain  rate  sensitivity  factor 

k  =  flov  stress  constant 

Por  plastic  deformation,  the  factor,  n,  equals  zero.  Thus,  equation  (1) 
is  reduced  to; 

m 

ff  *  k*(E)  (2) 

The  values  of  k  and  a  for  the  can  were,  k  =  30,000  psi,  and  a  =  .15.  The 
value  of  m  vas  chosen  based  on  reference  [3].  The  value  of  k  vas  chosen 
arbitrarily,  but  proved  reasonably  close  vhen  the  data  for  type  304  stain¬ 
less  steel  from  reference  [41  vas  located.  See  section  IV.  for  the  deter¬ 
mination  of  k  and  a  from  reference  [4).  Flov  stress  values  for  IN100  were 
obtained  directly  from  the  MME  database  by  ALPID,  and  eqn.  (2)  vas  not  used. 

A  ran  velocity  of  0.5  in/sec.  vas  used,  and  the  constant  shear  friction 
factor,  a,  vas  applied.  A  value  of  0.05  vas  chosen  for  m.  A  streamlined  die 
of  6.2:1  area  reduction  ratio  vas  used,  with  the  profile  defined  by  the  cubic 
equation  given  on  the  folloving  page. 


2  3 

R(x)  =  A  +  B*X  +  C*x  +  D*x 


(3) 


where  R(x)  =  radius  as  a  function  of  the  axial 
length  froa  the  extrance 

x  =  axial  length  from  the  extrance 

A,B, 

C,D  =  variables  dependent  on  entry  &  exit  radii, 
and  the  die  length. 

For  a  streaalined  die,  the  slope  of  the  die  profile  is  zero  at  both  the 
entry  and  the  exit.  Thus,  knowing  this,  the  entry  &  exit  radii,  and  the 
die  length,  the  values  of  A,  B,  C,  and  D  can  be  found  using  the  following 


relations; 

A  =  Rl 

(4) 

B  =  0.0 

(5) 

C  =  3*  (ft?  --S11 

U 

(6) 

D  *  -2*(Rg>  -  Rl) 

(7) 

where: 

Ro  =  exit  radius 

Ri  =  entry  radius 

L  -  die  length 

An  entry  radius  of  1.5  inches  was  used  as  that  is  the  radius  used  at  EMPL. 
Die  length  was  set  at  3.0  Inches.  Froa  the  reduction  ratio,  the  exit  radius 
was  calculated  to  be  .6024  inches.  The  can  geometry  is  shown  in  Fig.  1. 

All  dimensions  were  held  constant,  except  the  thickness,  which  was  varied 
between  1/8",  1/4",  and  1/2"  as  part  of  the  project. 


IV.  Stress  &  Strain  Rate  Data 

for  Type  304  Stainless  Steel: 

This  section  deals  vith  the  Plov  Stress-Strain  Rate  data  for  Type  304 
stainless  steel  found  in  Dadras  [4].  Type  304  Stainless  Steel  is  a 
possible  "can"  material.  The  data  found  in  reference  (41  vas  in  the 
fora  of  Stress-Strain  curves  at  various  strain  rates  and  at  900°C  & 
1200°C.  Stresses  were  taken  from  these  curves  at  a  strain  of  °.5  for 
the  various  strain  rates.  See  Tables  1  &  2.  The  data  vas  then  fitted 
to  equation  (2)  by  plotting  log ( a )  vs.  log(e).  These  plots  are  shown 
in  Figures  2  and  3.  Using  these  plots,  values  of  m  &  k  were  found 
using  a  least  squares  linear  curve  fit.  For  1037<>c  (1900<>F),  a  &  k  were 
interpolated  using  the  values  found  at  900°C  and  1200°C,  and  are  shown  in 
Table  3.  These  results,  however,  were  not  used  because  reference  [41  was 
located  after  too  much  C.P.U.  time  had  been  consumed  using  values  of: 
m=.15  ;  k=30  kpsi.  They  will  be  used  in  later  simulations  to  study  the 
effects  of  material  choice. 
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TABLE  1. 

TYPE  304  STAINLESS  STEEL 
g  3.200°C  ,  g  e  =  0.5 


e  (1/sec.) 

log(E) 

ff  (MPa) 

log(or) 

0.2 

-.6989 

84.4 

1.9260 

0.8 

-.0969 

95.3 

1.9790 

3.5 

.5441 

107.8 

2.0326 

10.0 

1.0000 

118.8 

2.0748 

30.0 

1.4770 

128.1 

2.1080 

100.0 

2.0000 

140.6 

2.1480 

TABLE  2. 

TYPE  304  STAINLESS  STEEL 
g  900OC  ,  g  E  =  0.5 


£  (1/sec.) 

loq(E) 

5  (MPa) 

log(a) 

1.5 

0.1761 

250.0 

2.3980 

8.0 

0.9031 

278.0 

2.4440 

40.0 

1.6021 

306.8 

2.4870 

100.0 

2.0000 

318.2 

2.5030 

TABLE  3. 

Values  of  a,  and  k  for 
Type  304  Stainless  Steel 


*  -  interpolated  fro»  900°C  &  1200°C  data. 
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1.85 
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1.00  1.50  2.00  2.50 

rate) 


Fiq.  3 
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V.  A1PID  Simulations; 


ALPID  simulations  for  the  1/8”,  1/4”,  and  1/2”  cans  have  not  been  completed, 
and  are  continuing.  Figure  4  shows  the  initial  mesh  used  for  the  1  can 
sizes,  and  figures  5,  6,  &  7  show  the  progress  made  for  the  1/8"  and  1/4" 
cans.  At  this  point,  remeshlng  is  required  for  both  cans  so  that  the  simul¬ 
ations  may  continue,  and  it  is  currently  under  way.  The  simulation  for  the 
1/2"  can  has  proceeded  to  the  point  where  the  can  is  just  emerging  from  the 
die  exit.  Approximately  24  hrs.  of  C.P.U.  time  were  required  for  both  the 
1/8”  and  the  1/4”  simulations  to  reach  their  present  states.  It  should  be 
noted  that  when  both  the  1/8"  and  the  1/4"  cans  reached  the  point  where  the 
can  was  emerging  from  the  die  exit,  the  maximum  time  allowed  per  step  had 
to  be  reduced.  This  is  believed  to  be  related  to  the  Implicit/explicit 
integration  used  by  ALPID.  It  is  known  that  the  accuracy  of  these  methods 
is  dependent  on  the  size  of  the  integration  step.  An  examination  of  figure  5, 
which  shows  the  grid  distortion  of  the  1/8"  can,  would  seem  to  indicate  that 
the  can  is  about  to  be  fractured  as  the  P/M  core  is  entering  the  region  of 
maximum  reduction.  The  shadowed  area  highlights  the  "can"  material.  Figure  6 
shows  the  1/4"  can  in  approximately  the  same  phase,  but  with  a  more  uniform 
deformation  than  the  1/8"  can.  This  is  typical  of  a  can  that  is  too  thin, 
resulting  in  the  nose  cap  and  can  seperating,  punching  the  core  through  with¬ 
out  the  can. 

Figure  8  shows  the  strain  rate  contours  of  the  1/4"  can  at  step  70  .  The 
minimum  is  .125  (1/sec.)  and  the  maximum  is  1.624  (1/sec.).  These  strain 
rates  are  well  within  the  stable  processing  region  for  IN100  at  1900°F  (1037°C) 
as  shown  by  figure  9. 
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Even  though  the  simulation  has  not  reached  steady  state,  where  both  the 
core  and  can  are  exiting  the  die,  it  is  expected  that  strain  rate  values 
will  remain  in  range  between  0.0  (1/sec.)  and  1.6  (1/sec.). 

Figures  10  amd  11  show  the  grid  distortion  and  the  stress  ratio  o£  crm/a  for 
the  1/4"  can  at  step  74.  The  stress  ratio  plot  shows  the  transition  of 
om/o  from  -.99  to  -.33.  This  represents  the  transition  from  compressive 
to  tensile  axial  stresses.  This  is  also  shown  in  plots  of  earlier  steps 
that  were  not  Included  in  this  report.  Further  simulations  will  show  if 
this  persists  as  steady  state  is  reached  with  the  core  exiting  the  die. 

The  cross-hatched  area  highlights  the  elements  representing  IN100. 
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VI.  Recommendations: 


Fro*  the  work  completed  to  this  ti*e,  it  is  believed  that  further  vork  vill 
prove  helpful  in  the  area  of  can  design.  At  the  very  least,  further 
vork  vill  prove  helpful  in  the  extrusion  of  IH100.  It  is  recommended  that 
vork  also  be  done  in  the  area  of  non-isotheraal  ALPID  simulations  of  "canned" 
extrusion.  A  study  of  only  one  can  design  vould  shov  the  temperature  distri¬ 
butions  betveen  the  can  and  die,  and  vithin  the  can  itself.  The  results 
from  the  isothermal  and  non-isotheraal  simulations  vould  then  give  a  more 
complete  understanding  of  "canned"  P/M  material  extrusions.  To  finally 
complete  the  investigation  of  "canned"  P/M  extrusions,  the  P/N  version  of 
ALPID,  ALPIDP,  could  be  used  to  simulate  the  process.  Hovever,  the  use  of 
ALPIDP  requires  more  than  the  relation,  a  =  f(temp,£,E).  Density  also 
becomes  a  factor,  making  flov  stress  a  very  complex  function  of; 
cr  *  f (temp,e,E,rho) .  This  calls  for  more  extensive  experimental  material 
modeling. 
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ABSTRACT 


In  order  to  obtain  computer  simulations  of  the  gamma  titanium 
aluminide  hot  rolling  process  using  finite  element  modelling,  it  is 
necessary  to  gather  data  on  the  interface  properties  between  the  TiAl 
workpiece  and  the  TZM  molybdenum  rolls.  One  of  these  interface 
conditions  which  needs  a  great  deal  of  further  investigation  is  the 
coefficient  of  electrical  resistivity  between  these  two  materials.  In 
order  to  accomplish  this,  test  methods  and  procedures  must  be 
established.  Also,  there  needs  to  be  a  great  deal  of  microstructural 
work  done  with  gamma  titanium  aluminide  in  order  to  gain  insight  into 
its  characteristics  during  processing. 
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I.  INTRODUCTION 


Presently  the  Air  Force  has  focused  a  great  deal  of  interest  on 
titanium  aluminide  as  a  potentially  viable  high  temperature  material  for 
military  applications.  Gamma  titanium  aluminide  (Ti -48A1 - IV )  has 
favorable  strength  and  density  characteristics  at  high  temperatures  with 
a  relatively  stable  crystal  structure,  but  its  high  degree  of  brittle¬ 
ness  leads  to  processing  difficulties.  Since  there  exists  a  need  to 
roll  gamma  titanium  aluminide  into  sheet  form  for  future  Air  Force 
utilization,  these  problems  must  be  resolved.  It  is  therefore  necessary 
to  establish  the  narrow  range  of  rolling  conditions  in  which  the  neces¬ 
sary  material  deformation  is  achievable.  It  is  important  to  determine 
various  parameters  so  that  the  rolling  process,  which  is  to  be  performed 
by  rolling  the  Ti AT  between  TZM  molybdenum  rolls  that  will  be  resistance 
heated,  can  be  adequately  modelled.  My  responsibi li ty  lies  in  the 
modelling  of  the  conditions  which  exist  during  this  rolling  process  at 
the  interface  between  the  TiAl  sheet  and  the  TZM  molybdenum  rolls.  The 
conditions  of  interest  are  the  coefficient  of  static  friction,  the  heat 
transfer  coefficient,  and  the  electrical  resistance  at  the  workpiece  and 
roll  interface.  Test  fixtures  to  determine  the  TiAl-TZM  interface 
coefficient  of  friction  and  the  heat  transfer  coefficient  at  this 
interface  are  already  in  advanced  stages  of  development  and  therefore 
need  only  be  mentioned  here.  These  two  properties  are  obtained  through 
ring  compression  testing  of  TiAl  rings  between  TZM  dies  at  a  controlled 
temperature  and  atmosphere  to  determine  the  frictional  coefficient  and 
the  fixturing  of  a  TiAl  ring  between  TZM  platens  at  a  controlled  temper¬ 
ature  and  atmosphere  and  measuring  the  temperature  gradient  through  the 
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system  with  thermocouples  to  determine  the  coefficient  of  heat  transfer. 
What  most  of  my  time  has  been  spent  on  is  the  development  of  a  test 
fixture  to  measure  the  electrical  resistance  at  the  interface  of  the 
TiAl  and  TZM  test  samples.  Time  has  also  been  spent  on  looking  at  the 
microstructure  of  forged  gamma  titanium  alum^nide. 


II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 


Currently  there  has  not  been  any  successful  rolling  of  gamma 
titanium  aluminide  into  sheet  although  there  has  been  some  alpha  sheet 
produced.  The  ultimate  goal  of  this  research  effort  is  to  provide 
sufficient  data  concerning  TiAl-TZM  interface  properties  to  allow  the 
repeated  production  of  usable  lengths  of  gamma  foil  with  a  maximum 
thickness  of  0.050"  and  a  thickness  of  0.020"  being  the  most  desirable. 
The  immediate  objective  of  my  research  is  the  determination  of  existing 
conditions  at  the  roll  and  workpiece  interface  during  this  rolling  of 
the  gamma  material  so  that  constitutive  equations  can  be  written  for 
computer  simulations  using  finite  element  modelling.  Although  a  good 
deal  of  time  was  spent  on  the  design  of  apparatuses  and  the  establish¬ 
ment  of  test  methods  to  determine  the  interface  heat  transfer  coeffi¬ 
cient  and  the  interface  coefficient  of  friction,  the  bulk  of  my  time  was 
spent  on  the  design  of  a  device  for  testing  the  electrical  resistivity 
of  the  roll  and  workpiece  materials  and  in  looking  at  gamma  microstruc¬ 
tures. 

Even  thouv  my  part  in  the  attainment  of  the  ultimate  goal  seems 
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somewhat  trivial  by  comparison,  it  is  a  necessary  piece  in  the  solution 
of  the  gamma  rolling  puzzle.  In  order  to  be  able  to  model  the  process 
with  even  remote  accuracy  it  is  required  that  each  interface  property  be 
thoroughly  examined  and  painstakenly  measured.  In  order  to  obtain  a 
complete  answer,  it  is  imperative  that  all  parts  of  the  question  are 
accurately  resolved. 


III. 


Due  to  the  fact  that  my  major  objective  involves  actually  designing 
a  test  device  to  be  used  for  measuring  interface  resistivity,  it  is 
necessary  to  go  through  some  basic  steps  in  the  engineering  design 
process  as  an  approach  to  realizing  this  objective.  The  first  and  most 
obvious  step  is  to  state  the  need,  which  is  for  the  establishment  of  an 
accurate  method  to  determine  the  electrical  resistivity  at  the  area  of 
contact  between  the  titanium  aluminide  sheet  and  the  TZM  molybdenum 
rolls.  The  next  step  is  to  state  the  problem,  which  is  to  design  a 
piece  of  equipment  which  can  accurately  duplicate  the  conditions  which 
exist  in  the  actual  gamma  rolling  procedure  and  provide  a  way  in  which 
the  interface  resistivity  within  this  model  can  be  physically  measured 
and  applied  to  the  real  life  situation.  Once  these  early  steps  are 
clearly  stated  and  understood,  it  is  then  possible  to  progress  further 
and  examine  the  proposed  solution. 

The  solution  which  was  settled  on  at  this  point  is  illustrated  in 
the  back  of  this  report.  It  is  a  fairly  simple  design,  but  it  should  be 
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more  functional  and  accurate  than  the  c-clamp  knife  edge  configuration 
which  was  proposed  before  I  began  working  on  the  project.  The  main 
problem  I  had  with  this  c-clamp  system  was  the  fact  that  the  clamps 
would  have  to  be  positioned  by  hand,  which  would  impose  a  certain  degree 
of  human  error  right  at  the  beginning  of  the  experiment.  My  design, 
which  will  be  explained  in  more  detail  later,  has  a  built-in  knife  edge 
system  that  will  provide  a  more  exact  and  repeatable  potential  contact 
spacing,  which  is  extremely  important  since  the  electrical  resistivity 
will  be  calculated  using  the  equation: 

f:  fLldl  Ca-Crr,)  (,) 

where:  R  =  the  measured  d.c.  resistance  in  ohms 

As  =  the  specimen  area  in  cm1 
/p  =  potential  contact  spacing  in  cm. 

As  can  easily  be  seen,  a  small  variance  in  potential  contact  spacing  can 
lead  to  fairly  large  percentage  of  error  once  it  is  mathematically 
incorporated  into  this  formula. 

This  test  equipment  will  have  to  be  contained  in  an  environmental 
chamber  in  the  same  manner  as  the  tests  for  heat  transfer  coefficient 
and  frictional  coefficient.  The  reason  for  this  chamber  is  to  reproduce 
the  conditions  that  will  exist  during  the  real  life  gamma  rolling 
process,  which  will  be  temperatures  up  to  2200 JF  and  an  inert  environ¬ 
ment  to  prevent  roll  and  workpiece  oxidation.  A  precision  Kelvin  bridge 
will  have  to  be  utilized  for  this  resistivity  test  in  order  to  measure 
the  extremely  low  values  of  resistance  which  will  exist  in  our  system. 
The  bridge  is  also  used  to  provide  the  current  needed  to  find  the 
potential  drop  between  the  knife  edges  and  through  the  interface.  We 
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plan  to  use  a  Biddle  Instruments  DLRO  digital  low  resistance  ohmmeter 
for  our  bridge. 

The  device  illustrated  in  this  report  is  a  relatively  simple  one, 
but  is  should  prove  effective  in  keeping  equal  spacing  between  the 
potential  contacts  and  in  keeping  these  knife  edges  touching  the  samples 
with  a  reasonable  amount  of  contact  force.  This  force  will  be  provided 
by  a  leaf  spring  constructed  from  a  formed  0.125"  piece  of  high  temp¬ 
erature  material,  possibly  Inconel  X750,  although  material  determination 
for  the  components  of  this  design  has  not  been  accomplished  to  date  and 
will  require  some  testing  and  interaction  with  metallurgists.  The  knife 
edges  will  be  kept  in  contact  with  the  samples  by  sliding  the  entire 
fixtured  unit  along  the  provided  slots  and  tightening  the  appropriate 
bolts  and  by  adjusting  the  two  major  bolts  between  the  knife  edges.  The 
knife  edges  will  be  isolated  from  each  other  through  insulation  with 
mica  or  some  other  nonconducti ve  ceramic.  The  current  from  the  Kelvin 
bridge  will  enter  at  the  base  of  each  sample  and  the  resistance  will  be 
measured  across  the  knife  edges  as  indicated.  The  press  will  cause 
intimate  contact  between  the  TZM  and  TiAl  samples  and  therefore  elimin¬ 
ate  the  possibility  of  reading  a  misleadingly  high  constriction  resist¬ 
ance  due  to  the  surface  finishes  of  the  samples.  The  samples  will  be 
square  to  allow  better  knife  edge  contact  and  will  each  contain  a 
thermocouple  to  check  for  temperature  gradient. 

The  next  completely  unique  objective  which  I  personally  worked  on 
was  to  determine  whether  there  was  a  consistency  of  flow  units  (the 
largest  visible  microstructural  entities)  within  an  forged  billet  of 
gamma  titanium  aluminide.  This  determination  is  an  important  one  due  to 
the  fact  that  any  discontinuity  of  the  flow  units  would  require  accurate 
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mapping  of  where  each  compression  sample  came  from  within  the  billet.  I 
checked  the  billet  by  obtaining  a  cross  sectional  slice  which  was  cut 
from  the  whole  by  EDM.  From  this  slice  I  cut  six  samples  from  various 
locations  and  mapped  these  locations  as  can  be  seen  in  the  provided 
diagram.  I  then  mounted,  polished,  etched  using  Keller's  etch,  and 
photographed  each  microstructure.  As  can  be  seen  from  the  photographs, 
it  appears  that  there  is  in  fact  a  consistent  flow  unit  of  a  lamella 
structure  throughout  the  billet,  therefore  compression  samples  may  be 
taken  from  virtually  any  location  within  the  billet  with  reasonably 
similar  results. 


IV.  RECOMMENDATIONS 


In  order  to  produce  a  usable  prototype  of  the  proposed  resistivity 
testing  device,  it  is  first  necessary  to  determine  the  materials  to  be 
used  for  its  component  parts.  Although  oxidation  will  not  be  a  problem 
due  to  the  inert  environment  that  will  be  used,  all  materials  must  be 
able  to  maintain  integrity  at  high  temperatures.  For  example,  the 
material  to  be  used  for  the  leaf  spring  must  be  able  to  maintain  its 
modulus  of  elasticity  through  a  wide  range  of  temperatures  since 
deterioration  of  this  modulus  would  decrease  the  contact  force  between 
the  knife  edges  and  the  samples  and  thereby  introduce  a  degree  of  error 
into  the  experiment.  As  can  be  expected,  my  recommendations  also 
include  the  building  and  testing  of  this  apparatus.  From  testing, 
design  changes  can  be  made  as  appropriate. 
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Continued  work  in  gathering  interface  properties  is  imperative  if 
the  rolling  of  the  gamma  titanium  aluminide  is  ever  to  be  realized. 
Without  this  data  computer  simulations  will  not  be  possible,  leaving 
trial -and-error  rolling  as  the  only  remaining  method  of  determining 
processing  conditions.  Due  to  the  extremely  high  cost  of  the  gamma 
material,  this  is  not  a  truly  feasible  option.  It  will  be  necessary  to 
continue  microstructural  work  for  a  complete  insight  into  this  material 
system,  so  this  is  also  recommended. 
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ABSTRACT 

Samples  of  Al-Nb-Mo,  Al-Nb-Co,  and  Al-Nb-Cr  were  heat  treated  and  examined  with 
microprobe  and  X-ray  diffraction  analysis  in  order  to  determine  whether  or  not  any  LI2 
compounds  form  in  the  ternary  systems.  It  was  found  that  no  LI 2  ternaries  were  formed  as 
a  result  of  substitution  for  the  A1  by  the  elements  Co  and  Cr  at  1200°C  and  1300°C, 
respectively.  Preliminary  information  indicated  this  to  be  the  case  with  Mo  at  1400°C  as 
well.  From  the  samples  examined,  it  was  not  possible  to  determine  whether  or  not  any  LI2 
phases  fomed  as  a  result  of  substitution  for  Nb.  Preliminary  evidence  of  an  unreported 
phase  in  the  Al-Nb-Mo  system  was  found.  It  was  also  found  that  Mo  was  the  only  one  of 
these  that  dissolved  to  any  extent  in  the  DO22  phase.  Some  phase  diagram  data  were 
generated.  Recommendations  were  made  as  to  completion  of  work  in  these  systems, 
procedural  changes,  and  the  applicability  of  the  Pettifor  scheme  as  a  predictive  tool. 
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I.  Introduction 

The  modem  superalloys  are  based  on  the  Ni-Al  system  and  derive  a  significant 
proportion  of  their  strength  from  the  Y  Ni3Al  phase.  It  is  anticipated  that  the  Ni  based 
superalloys  will  not  provide  sufficient  high  temperature  stability  for  gas  turbine  engine 
materials  needs  into  the  next  century.  This  work  is  an  attempt  to  identify  suitable  materials 
for  the  development  of  higher  temperature  superalloys. 

The  Y  phase  has  a  cubic,  LI 2  structure.  This  phase  has  the  property  that  its  strength 
increases  with  increasing  temperature.1  Since  other  intermetallic  compounds  with  the  LI  2 
structure  have  been  identified  with  this  property,2’3’4  it  is  natural  to  search  for  high  melting 
point  compounds  with  this  structure.  Since  none  of  the  known  binary  LI2  compounds  have 
suitable  properties,  the  search  has  been  directed  towards  ternary  compounds  that  have  the 
LI2  structure. 

The  Al-Nb  system  has  an  intermetallic  compound  with  Al3Nb  stoichiometry  that  is  stable 
up  to  about  1600°C,5  and  forms  the  starting  point  of  this  investigation.  This  compound  has 
a  tetragonal  DO22  structure,  which  can  be  viewed  as  two  LI 2  unit  cells,  with  the  center 
(001)  plane  translated  by  1/2[1  1  0]. 

Work  by  Pettifor6  and  Villars7’8  give  mapping  schemes  by  which,  in  principle,  the 
structures  of  binary  alloys  can  be  predicted  from  available  information.  Within  the  Pettifor 
scheme,  the  observed  structures  corresponding  to  a  particular  combination  of  elements  tend 
to  cluster  into  regions,  or  structure  fields,  when  plotted  against  a  parameter  referred  to  as 
‘the  Mendeleev  number.’  The  DO22  structure  field  forms  an  ‘island’  within  the  LI2 
structure  field.  Pettifor9  suggests  a  method  by  which  these  results  may  be  applied  to  ternary 
and  quaternary  alloys  in  order  to  convert  one  structure  to  another,  by  avei^.ng  the 
Mendeleev  numbers.  This  work  uses  the  work  of  Pettifor  as  a  predictive  tool  in  order  to 
identify  suitable  ternary  additions  that  will  produce  ternary  compounds  with  the  LI2 
structure. 

The  demands  of  increasing  performance  of  gas  turbines  will  require  structural  materials 
able  to  withstand  higher  temperatures  than  presently  available.  High  temperature  materials 
then  comprise  a  class  of  materials  in  which  the  Air  Force  is  very  interested  for  future 
aircraft  propulsion  systems.  The  study  of  high  temperature  intermetallic  compounds  has 
been  initiated  in  order  to  achieve  these  increased  temperature  stabilities.  The  major  subject 
of  interest  of  the  author  is  chemical  orderii.  t  in  solids;  he  has  received  a  Masters  of 
Engineering  in  metallurgical  engineering  at  Carnegie  Mellon  University  and  is  currently 
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pursuing  a  PhD  in  metallurgical  engineering  at  the  same  school,  studying  order-disorder 
reactions. 

II.  Objectives 

This  work  was  part  of  an  ongoing  project  and  had  three  objectives:  (1)  to  determine 
whether  or  not  LI2  compounds  formed  in  ternary  Al-Nb-X  systems,  (2)  to  give  a 
preliminary  evaluation  of  the  applicability  of  the  Pettifor  scheme  for  materials  design,  and 
(3)  to  generate  reliable  phase  diagram  data  in  the  systems  studied,  particularly  as  pertains  to 
the  DO22  phase  fields. 

The  primary  objective  of  this  work  was  to  determine  whether  or  not  LI2  compounds  arc 
formed  in  certain  ternary  Al-Nb-X  systems,  those  containing  Mo,  Co,  and  Cr  as  the  ternary 
element.  It  was  determined  that,  in  the  systems  examined,  no  LI 2  compounds  form  as  a 
result  of  ternary  substitution  for  Al.  The  alloy  compositions  examined  were  too  lean  in  A1 
content  to  determine  whether  or  not  LI2  compounds  formed  by  ternary  substitution  for  Nb. 

Traditionally,  investigations  of  this  type  have  proceeded  according  to  a  trial-and-error 
algorithm.  This  is  a  time  consuming  and  costly  approach.  As  a  second  objective,  it  was 
decided  to  use  this  work  as  a  preliminary  evaluation  of  the  applicability  of  the  Pettifor 
scheme  for  materials  design.  Some  suggestions  as  to  application  of  this  approach  are  made 
in  the  Recommendations  section. 

It  was  decided  to  conduct  the  work  with  sufficient  care  so  that  some  useful  phase 
diagram  information  would  be  generated  as  a  by-product.  This  final  objective  was 
considered  to  be  independent  of  those  mentioned  above.  Again,  particular  attention  was 
paid  towards  generating  reliable  data  as  to  the  ternary  element  solubility  in  the  DO22  phase. 

III.  Experimental  Procedures 

Buttons  of  five  Al-Nb-X  alloys  that  were  prepared  by  arc  melting  in  vacuo  were  heat 
treated  at  various  temperatures  and  examined  with  both  microprobe  and  X-ray  powder 
diffraction.  The  compositions  of  the  samples  are  listed  in  Table  1.  Throughout  this  work, 
allov  compositions  will  be  referred  to  with  the  notation:  x-y  elem./T,  which  is  a  shorthand 
notation  for  Al-x%at.Nb-y%at.elem.  heat  treated  at  temperature  T.  Thus,  20-20  Mo/1400°C 
designates  the  sample  of  nominal  composition  Al-20%at.Nb-20%at.Mo  that  was  heat 
treated  at  1400°C. 

Samples  were  wrapped  in  Ta  foil  and  then  heat  treated  in  an  atmosphere  of  Ar  that  was 
purified  by  passing  over  Ti  chips  at  1000°C.  In  order  to  insure  that  equilibrium  was 
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reached,  heat  treatment  times  of  at  least  100  hours  were  employed.  Usually  some  weight 
loss  (1-2%)  was  observed,  indicating  that  some  A1  volatilization  had  occurred. 

Samples  were  cut  from  the  buttons  with  an  abrasive  disk  saw,  mounted  in  resin,  and 
polished  for  microprobe.  Microprobe  examinations  were  made  with  a  lOnA  beam  with  a 
20kV  accelerating  potential.  Composition  data  were  measured  with  the  microprobc,  using 
the  the  ZAF  method,10  and  were  statistically  analyzed  in  the  standard  fashion.11 

Samples  were  prepared  for  X-ray  analysis  by  powdering  in  a  mortar  and  pestle  to  -360 
mesh.  Generally,  a  strain  anneal  at  1000°C  for  1  hour  was  required  in  order  to  produce 
sharp  X-ray  peaks.  This  was  done  by  wrapping  in  Ta  foil  and  heating  either  in  vacuo  or  in 
an  atmosphere  of  Ar.  No  oxidation  was  observed,  but  a  small  amount  of  A1  generally  was 
deposited  on  the  foil,  indicating  some  A1  volatilization  had  occurred.  X-Ray  powder 
patterns  were  generated  with  a  diffractometer  employing  Cu  Ka  radiation  produced  with  an 
accelerating  voltage  of  40k V  and  tube  current  of  50  -  150  mA. 

IV.  Results  And  Discussion 

Generally,  each  sample  was  within  a  three  phase  field,  which  made  it  possible  to 
examine  large  regions  of  the  isothermal  phase  diagram  with  a  small  number  of  samples. 
This  work  did  not  identify  enough  three  phase  triangles  to  completely  characterize  the  entire 
diagrams  of  any  of  the  ternary  systems  examined,  but  enough  of  each  diagram  was 
examined  to  preclude  the  formation  of  LI2  compounds  by  substitution  of  the  ternary 
element  for  A1  in  the  Al-Nb-Co  and  Al-Nb-Cr  samples.  That  is,  m  compounds  with 
composition  (Al,X)3Nb  distinct  from  the  DO22  phase  were  identified  in  these  systems.  The 
results  of  the  Al-Nb-Mo  ternaries  are  regarded  as  preliminary,  but  seem  to  indicate  that  no 
LI2  phases  form  in  this  system  as  a  result  of  A1  substitution.  It  was  not  possible  10 
unambiguously  determine  whether  or  not  any  Al3(Nb,X)  LI 2  compounds  were  formed  by 
Nb  substitution. 

Al-Nb-Mo 

Two  samples,  20-20  Mo/1400°C  and  25-12.5  Mo/1400°C  were  examined.  The  results  of 
these  two  are  contradictory,  since  all  three  of  the  25-12.5  Mo/1400°C  phases  lie  entirely 
within  the  three  phase  triangle  formed  by  the  20-20  Mo/1400°C  sample.  These  are  shown 
in  Figs.  1(a)  and  1(b).  In  all,  four  phases  were  identified  that  were  found  in  these  two 
samples. 
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Two  of  the  four  phases  were  identified  as  being  DO22  Al3(Nb,Mo)  and  A 15 
Al(Nb,Mo)3.  Of  the  other  two,  one  is  believed  to  be  the  o  phase,  while  the  other  has  not 
been  identified. 

A  sample  of  20-20  Mo/1300°C  was  used  to  identify  the  DO22  and  A 15  structures. 
Differential  thermal  analysis  (DTA)  was  used  to  show  that  no  reaction  occurred  between 
1300°C  and  1400°C.  It  is  believed  that  the  1300°C  results  were  representative  of  the  1400°C 
microstructure,  insofar  as  phase  identification  is  concerned.  Sixteen  peaks  (out  of  sixteen 
calculated  for  DO22)  that  did  not  overlap  any  A 15  peaks  in  a  sample  of  20-20  Mo/1300°C 
were  identified.  The  A 15  structure  was  identified  in  this  sample  by  seven  (of  eight 
calculated)  peaks  that  did  not  overlap  those  of  the  DO22  structure.  The  compositions  of 
these  phases,  along  with  all  of  the  composition  data  obtained  in  this  study  are  listed  in 
Table  2. 

The  20-20  Mo/1400°C  sample  was  found  to  have  DO22  and  A 15  plus  a  third,  of 
composition  Al-40%at.Nb-17%at.Mo  (approximately  the  composition  of  Al2Nb2Mo).  This 
phase  was  also  found  to  be  present  in  the  25-12.5  Mo/1400°C  sample  (identified  by  its 
composition),  and  is  plotted  in  Fig.  1(a).  This  could  be  an  extension  of  the  a  phase  found 
in  the  binary,  but  it  is  believed,  at  this  writing  to  be  another,  unreported  phase. 

The  composition  of  the  a  phase  in  the  binary  is  Al-59%at.Nb.12  In  an  earlier  X-ray 
study13  by  Hunt  and  Raman,  the  a  phase  boundary  was  reported  to  be  at  approximately  Al- 
35%at.Nb-35%at.Mo  at  1000°C.  This  composition  does  not  agree  with  that  of  the 
Al2Nb2Mo  phase,  but  does  agree  with  one  of  the  phases  found  in  the  25-12.5  Mo/1400°C 
sample,  as  shown  in  Fig.  1(b).  The  composition  of  this  phase  was  found  to  be  Al- 
33%at.Nb-28%at.Mo.  For  this  reason,  this  phase  will  be  designated  a(?)  in  this  work, 
since  it  appears  to  be  the  a  phase.  It  was  not  possible  to  obtain  a  confident  fit  between  the 
diffraction  peaks  for  this  sample  and  simulations  of  the  o  structure.  A  sample  with  a  larger 
volume  fraction  of  this  phase  would  give  much  more  reliable  diffraction  data. 

It  is  not  clear  exactly  why  the  c(?)  phase  was  found  in  the  25-12.5  Mo/1400°C  sample, 
but  not  in  the  other.  It  is  possible  that  it  is  stabilized  by  a  small  amount  (~l%at.)  of  Ti 
impurity  that  was  found  in  the  25-12.5  Mo/1400°C  sample  with  the  microprobe.  Additional 
work  in  this  system  is  recommended  in  the  Recommendations  section. 

According  to  the  Pettifor  scheme,  if  compounds  were  to  form  by  substitution  for  AI, 
there  should  be  an  LI2  phase  at  a  composition  corresponding  to  an  average  Mendeleev 
number  of  76,  which  should  form  at  the  ideal  composition  of  25-12.5  Mo.  This  is 
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apparently  not  the  case  here,  although  the  reproducibility  of  the  above  results  is  not 
comforting.  No  conclusion  regarding  the  LI2  phase  formation  in  this  system  is  then  made. 

Typical  microstructures  examined  are  shown  in  Figs.  3(a)  and  3(b),  which  show  the  20- 
20  Mo/1300°C  and  25-12.5  Mo/1400°C  microstructures,  respectively.  The  DO22  and  A15 
phases  image  in  Fig.  3(a)  as  dark  and  light,  respectively.  The  DO22.  <*(?),  and  Al2Nb2Mo 
phases  image  in  Fig.  3(b)  as  dark,  light,  and  grey,  respectively. 

A  considerable  solubility  for  Mo  was  found  in  the  DO22  phase,  reaching  approximately 
5%at.  This  phase  field  appears  to  be  elongated  in  the  direction  of  Al3(Mo,Nb),  indicating 
that  the  Mo  substituted  for  the  Nb  atoms.  No  independent  confirmation  of  this  point  was 
made.  The  maximum  solubility  of  Mo  in  the  DO22  phase  is  probably  much  higher,  it  was 
reported  to  be  about  15%at.  at  1000°C  by  Hunt  and  Raman. 

Al-Nb-Co 

Samples  of  20-5  Co/1200°C  and  25-12.5  Co/1200°C  were  examined.  The  ternary 
diagram  for  these  alloys  is  shown  in  Fig.  2.  The  compositions  of  the  phases  found  are 
listed  in  Table  2.  Originally  only  the  25-12.5  Co/1200°C  sample  was  analyzed  with  DTA; 
subsequent  work  in  the  20-5  Co/1200°C  alloy  showed  a  reaction  at  approximately  1 170°C. 
This  appears  to  have  been  a  peritectic  melting  point  of  the  5  phase  of  the  Al-Co  binary.14 

Four  phases  were  identified  between  these  two  samples:  DO22.  B2,  what  appears  to  be 
the  C14  Laves  phase,  and  the  remains  of  the  liquid  that  was  present  in  the  20-5  Co/1200°C 
alloy.  The  DO22  phase  was  identified  by  its  diffraction  pattern  in  the  20-5  Co/1200°C 
sample,  as  well  as  by  its  composition.  All  others  were  identified  by  their  compositions  by 
comparison  with  those  available  in  the  literature.  No  LI 2  phases  were  observed. 

The  20-5  Co/1200°C  sample  was  found  to  contain  DO22  Al3Nb,  B2  AlCo,  and  what 
appears  iv  be  solidified  liquid.  Twenty-five  (of  twenty-six  calculated)  peaks  in  the  DO22 
structure  that  did  not  overlap  any  of  those  calculated  for  B2  were  identified  in  the  pattern. 
Only  two  peaks  were  found  in  addition  to  those  predicted  for  DO22;  one  of  these  matched 
that  of  the  B2.  It  is  believed  that  the  volume  fraction  of  all  but  the  DO22  phase  were  too 
small  to  be  reliably  detected  with  X-ray  diffraction.  The  DO22  phase  was  found  to  have  a 
composition  Al-25%at.Nb-0.15%at.Co,  in  agreement  with  the  ideal  stoichiometry  as  given 
in  the  published  Al-Nb  phase  diagram.15  The  B2  alloy  was  found  to  have  the  composition 
Al-0.04%at.Nb-46.5%at.Co,  which  agrees  with  the  46%at.Co  solvus  boundary  for  the 
AlCo  (Q  phase  given  in  the  published  Al-Co  phase  diagram.16  The  final  mass  of  material 
in  this  phase  is  thought  to  be  a  mixture  of  y-  and  8-  Al-Co  phases  that  formed  on  furnace 
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cooling  from  a  liquid.  Its  composition  was  found  to  be  Al-0.3%at.Nb-28. 1  %at.Co,  which 
compares  with  Al-25%at.Co,  for  the  location  of  the  Iiquidus  at  1200°C  reported  in  the 
published  binary  diagram.  Obviously,  if  reliable  phase  diagram  information  is  desired,  this 
work  should  be  repeated  below  the  Iiquidus;  this  result  is  presented  here  simply  because  it 
shows  that  no  ternary  phases  form  in  this  three  phase  field. 

The  25-12.5Co/1200°C  sample  had  three  phases  that  were  identified  as  the  DO22,  B2, 
and  what  appears  to  be  the  C 14  phases.  The  identifications  here  were  made  strictly  on  the 
basis  of  their  compositions.  The  composition  of  the  C14(?)  phase  was  measured  to  be  Al- 
33%at.Nb-15.4%at.Co.  Hunt  and  Raman17  report  extensive  solubility  in  the  C14  Nb-Co 
binary  phase  that  extended  almost  to  the  Al-Nb  binary  diagram.  This  determination  is 
regarded  as  preliminary. 

According  to  the  Pettifor  scheme,  if  the  Co  were  to  substitute  for  the  Al,  there  should  be 
an  LI2  phase  at  a  composition  corresponding  to  Mendeleev  number  76  on  the  Al  sublattice. 
Thus,  at  a  composition  of  Al-25%at.Nb-18.8%at.Co,  there  should  be  an  LI2  compound, 
according  to  an  Al-substitution  scenario  within  the  Pettifor  scheme.  This  composition  lies 
within  the  25-15.5  Co/1200°C  three  phase  (solid)  triangle,  as  shown  in  Fig.  2.  No 
(Al,Co)3Nb  phase  was  observed. 

Typical  microstructures  of  these  two  alloys  are  given  in  Figs.  3(c)  and  3(d).  In  Fig. 
3(c),  the  matrix  is  the  DO22  phase,  the  grey  areas  are  B2,  and  the  black  areas  are  the  former 
liquid.  Again,  the  results  for  the  20-5  Co/1200°C  sample  should  be  viewed  as  preliminary. 
In  Fig.  3(d),  the  DO22  phase  images  as  grey,  the  B2  as  dark,  and  the  C14  phase  images  as 
light. 

No  appreciable  amount  of  Co  was  found  to  dissolve  in  the  DO22  phase,  being  about 
0.15  and  0.74%at.  in  the  20-5  Co/1200°C  and  25-12.5  Co/1200°C  samples,  respectively. 
Some  of  the  compositional  measurements  in  the  binary  phases  listed  in  Table  2  had  some 
scatter,  giving  95%  confidence  limits  outside  of  the  diagram.  Since  all  of  these  solubilities 
were  small,  it  was  decided  not  to  be  worth  pursuing  further. 

Al-Nb-Cr 

Two  samples,  25-12.5  Cr/1300°C  and  15-25  Cr/1300°C  were  examined.  Both  were 
within  the  same  three  phase  triangle.  The  ternary  diagram  determined  by  the  15-25 
Cr/1300°C  sample  is  given  in  Fig.  3. 

Four  phases  were  found  to  be  in  the  25-12.5  Cr/1300°C  sample.  These  phases  are  likely 
to  be  DO22,  A2  Cr(+Al)  solid  solution,  a  phase,  and  C14  (Laves  phase),  as  identified  from 
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their  compositions.  Obviously,  equilibrium  had  not  been  attained,  since  there  were  four 
phases.  The  C14(?)  phase  appeared  in  the  as  cast  microstructure,  implying  that  this  phase 
had  formed  during  cooling.  All  except  the  C14(?)  phase  were  found  in  the  15-25 
Cr/1300°C  sample.  Apparently,  this  phase  formed  on  cooling  from  the  melt,  followed  by  a 
peritectic-type  reaction,  requiring  dissolution  of  C14  to  form  another  phase.  The  kinetics  of 
dissolution  of  this  phase  would  inhibit  its  disappearance. 

The  composition  of  the  DO22  phase  was  found  to  be  Al-24%at.Nb- 1  %at.Cr  in  the  25- 
12.5  Cr/1300°C  sample  and  Al-25.0%at.Nb-1.31%at.Cr  in  the  15-25  Cr/1300°C  sample. 
The  Cr(+Al)  solid  solution  compositions  for  these  two  samples  were  Al-0.7%at.Nb- 
70.4%at.Cr  and  Al-0.4%at.Nb-65.8%at.Cr,  respectively.  These  compositions  are  in 
agreements  with  the  reported  solidus  locations  as  reported  in  the  published  binary 
diagram.18  Those  for  the  <J(?)  phase  were  Al-49.9%at.Nb-15.9%at.Cr  and  Al- 
49.8%at.Nb-17.3%at.Cr  in  the  two  samples,  respectively.  This  is  additional  evidence  that 
the  C14(?)  phase  formed  from  the  melt,  but  did  not  completely  dissolve  at  lower 
temperatures,  where  the  three  equilibrium  phases  formed. 

Hunt  and  Raman19  reported  the  phase  boundary  at  1000°C  for  the  C14  phase  to  be 
within  the  three  phase  triangle  determined  here.  This  is  probably  in  error,  since  the  heat 
treatments  given  here  were  1300°C  for  100  hours,  whereas  their  heat  treatments  were 
1000°C  for  one  week  (168  hours).  Apparently,  the  high  temperature  boundary  of  the 
C14(?)  phase  is  within  this  triangle,  but  recedes  with  descending  temperatures.  Hunt  and 
Raman  also  reported  about  5%at.  solubility  for  Cr  at  1000°C.  This  work  gave  a  much 
smaller  solubility  of  about  l%at.  at  1300°C. 

According  to  the  Pettifor  scheme,  if  the  LI2  compound  formed  by  substitution  of  Cr  for 
Al,  the  average  Mendeleev  number  of  76  would  be  required.  The  composition  of  the 
expected  LI2  phase  would  have  been  Al-25%at.Nb-13%at.Cr.  This  composition  is  within 
the  three  phase  field  given  in  Fig.  3.  No  LI2  compound  was  formed  by  Al  substitution. 

A  typical  microstructures  of  the  15-25  Cr/1400°C  alloy  is  given  in  Fig.  3(e).  The  DO22 
phase  images  as  grey,  the  Cr(+Al)  solid  solution  images  as  black,  and  the  o(?)  phase 
images  as  light. 

The  compositions  of  the  phases  found  in  the  15-25  Cr/1300°C  alloy  are  listed  in  Table  2. 
Those  for  the  25-12.5  Cr/1300°C  alloy  are  not  listed  because  (1)  they  did  not  correspond  to 
an  equilibrium  microstructure,  and  (2)  about  0.5%at.  W  contamination  was  detected  in  this 
sample  with  the  microprobe.  It  is  believed  that  the  15-25  Cr/1300°C  sample  is 
representative  of  the  equilibrium  phase  distribution. 
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VI.  Recommendations 

This  report  makes  recommendations  of  three  types:  (1)  regarding  changes  in  procedures, 
and  (2)  regarding  unfinished  work  in  these  three  systems,  and  (3)  regarding  future  systems 
to  examine.  The  procedural  changes  recommended  here  are  largely  designed  to  reduce  the 
amount  of  work  involved  in  characterizing  the  phases  that  form  in  ternary  systems. 
Additional  work  in  recommended  in  the  Mo, Co,  and  Cr  ternaries.  Recommendations  of 
future  systems  that  are  likely  to  conform  to  the  assumptions  of  the  Pettifor  scheme  are 
made. 

Procedures 

Two  problems  were  encountered  during  this  work  that  increased  the  time  necessary  to 
generate  phase  diagram  information:  (1)  heat  treatments  that  did  not  produce 
microstructures  sufficiently  coarsened  that  all  of  the  phases  could  be  analyzed  with  the 
microprobe  and  (2)  appearance  of  four  phases  in  samples  even  after  long  heat  treatments  at 
elevated  temperatures. 

It  was  originally  planned  to  generate  isotherms  at  temperatures  that  were  chosen 
somewhat  arbitrarily  at  100-200°C  below  the  lowest  temperature  reaction  observed  in  DTA 
on  one  alloy  per  ternary  system.  This  was  not  possible,  since  heat  treatments  conducted  at 
these  temperatures  required  excessive  heat  treatment  times  to  produce  acceptable 
microstructures.  Generally,  heat  treatments  at  25-50°C  below  this  reaction  were  required  in 
order  to  guarantee  that  equilibrium  would  be  reached  in  100  hours. 

It  is  believed  that  samples  that  had  four  phases  contained  one  phase  that  fomied  from  the 
melt  that  was  not  an  equilibrium  phase  at  the  lower  temperature.  TKis  has  been  a  serious 
problem,  since  heat  treatments  to  dissolve  one  solid  phase  in  order  to  produce  another 
require  an  impractical  length  of  heat  treatment  time.  Alloy  compositions  of  this  type  should 
be  avoided. 

In  light  of  these  difficulties,  the  following  recommendations  are  made  in  order  to  reduce 
time  required  to  produce  phase  diagram  information: 

(1)  Generate  DTA  scans  for  all  samples.  From  these,  a  heat  treatment  temperature  of 
approximately  25-50°C  below  the  lowest  temperature  reaction  can  be  chosen. 

(2)  Heat  treat  each  sample  for  100  hours  at  25-50°C  below  the  lowest  temperature 
reaction  observed  in  its  DTA  scan.  Obviously,  not  all  samples  will  be  heat  treated  at  the 
same  temperature,  by  this  algorithm.  However,  the  compositional  data  can  Is  projected 
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onto  one  plane,  just  as  cooling  curves  are  in  ceramic  engineering.  This  will  give  the 
approximate  phase  boundary  locations  that  will  be  useful  if  subsequent  isotherm 
determination  is  undertaken.  This  information  is  sufficient  to  characterize  the  ternary 
system  in  terms  of  phase  identities. 

(3)  Chose  the  initial  composition  in  order  to  avoid  peritectic  reactions.  Since  in  all  cases, 
the  DO22  phase  is  expected  to  be  in  the  sample,  the  starting  composition  should  be  chosen 
close  enough  to  the  DO22  composition  that  this  phase  is  the  first  to  form  on  cooling.  In  the 
past,  the  alloy  composition  was  chosen  to  correspond  to  that  of  the  predicted  LI 2 
compound;  it  is  recommended  that  the  alloy  composition  be  about  half  way  between  this 
composition  and  that  of  the  DC>22- 

Completion  of  Mo,Co,  and  Cr  Ternary  Work 

Some  questions  remain  regarding  these  three  systems.  The  following  recommendations 
are  made  in  order  to  clarify  these; 

(1)  Repeat  the  Mo  determination.  The  irreproducibility  of  the  Al-Nb-Mo  data  at  1400°C 
is  cause  for  concern.  An  additional  alloy  mixture  of  a  composition  lying  within  the  20-20 
Mo/1400°C  three  phase  triangle  should  be  prepared  and  heat  treated  at  1400°C  for  a  longer 
period  of  time,  say  200  hours.  It  is  expected  that  this  will  cast  a  deciding  vote  in  favor  of 
one  of  the  other  results  previously  obtained. 

(2)  Repeat  one  Co  determination.  The  20-5  Co/1200°C  sample  apparently  was  heat 
treated  above  the  liquidus  of  in  the  Al-Co  binary.  A  sample  of  20-5  Co  should  be  heat 
treated  at  about  25°C  below  the  peritectic  temperature  as  determined  by  DTA  and  re¬ 
examined.  It  is  not  expected  that  this  will  yield  any  new  information,  but  it  will  provide 
more  uniformity  of  procedures. 

(3)  Investigate  for  Nb  substitution.  All  three  systems  should  be  investigated  further  to 
determine  the  behavior  along  the  AL3(Nb,X)  compositions.  It  is  expected  that  the  Mo  will 
not  convert  the  DO22  to  LI 2,  in  agreement  with  the  predictions  of  the  Pettifor  scheme  and 
the  1000°C  data  of  Hunt  and  Raman.  It  is  also  expected  that  neither  Cr  or  Co  will  dissolve 
extensively  in  the  D022-  These  predictions  should  be  verified,  however. 

(4)  Investigate  the  Al2Nb2Mo  phase.  The  identity  of  this  phase  should  be  made  by 
preparing  an  alloy  close  to  this  composition  and  generating  X-ray  diffraction  data. 
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Future  Systems 

Although  no  ternary  LI2  phases  were  found  to  form  in  these  systems,  this  does  not 
disprove  the  Pettifor  scheme.  This  scheme  is  based  on  existing  information  and  can  be 
summarized  as  follows:  if  the  ternary  LI2  compound  forms,  then  its  composition  will  be 
within  the  LI2  structure  field.  There  may  be  a  number  of  subsidiary  conditions  that  must 
also  be  met  in  order  for  the  ternary  LI2  structure  to  be  formed,  given  that  it  appears  in  the 
LI2  structure  field. 

In  order  for  an  average  Mendeleev  number  to  be  used  for  predicting  this  ternary  phase,  it 
is  important  for  the  two  elements  that  comprise  this  average  be  similar,  chemically.  That  is, 
they  must  be  interchangeable.  One  property  of  two  elements  of  this  type  is  extended 
miscibility  in  the  binary,  since  one  element  can  replace  the  other  without  upsetting  its 
crystal  structure  greatly. 

This  work  then  predicts  that  the  ternary  additions  that  will  behave  as  Pettifor  describes 
will  include  those  that  have  extended  solubility  in  either  A1  or  Nb  (or  both).  The  elements 
that  exhibit  extended  solubility  in  A1  should  replace  the  A1  in  the  DO22  to  produce 
(Al,X)3Nb,  while  those  that  have  extended  solubility  for  Nb  should  form  Al3(Nb,X).  This 
is  apparently  the  case  with  Mo,  which  has  complete  miscibility  with  Nb  and  is  quite  soluble 
in  the  DO22  phase.  The  fact  that  Co  and  Cr  have  small  solubilities  A1  seems  to  agree  with 
the  observation  that  neither  dissolves  in  the  DO22  to  any  great  extent. 

The  elements  that  exhibit  solubility  in  A1  in  excess  of  "I0%at.  and  that  can  be  added  to  A1 
to  move  the  composition  of  the  alloy  into  the  LI2  structure  field  are  Zn(60%),  Ag(20%), 
and  Mg(20%).  Those  corresponding  to  Nb  are  U(100%),  Ru(609O,  Re(45%),  Os(32%), 
and  Rh(23%).  The  compositions  of  the  LI 2  compounds  predicted  by  the  Pettifor  scheme, 
along  with  suggested  alloy  compositions  to  be  prepared,  are  listed  in  Table  3. 

VII.  Summary 

Samples  of  Al-Nb-Mo,  Al-Nb-Co  were  examined  in  order  to  determine  whether  or  not 
any  ternary  LI2  compounds  formed  by  substitution  for  A1  by  the  ternary  elements.  It  was 
found  that  this  did  not  occur.  It  was  found  that  Mo  was  the  only  element  to  dissolve  to  any 
extent  in  the  DO22  A^Nb  phase.  Recommendations  were  made  of  procedural  changes, 
future  work  in  these  systems,  and  the  ways  of  applying  the  Pettifor  scheme  were  made. 
Predictions  as  to  the  applicability  of  the  Pettifor  scheme  to  ternary  mixtures  were  made. 
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Table  1.  Alloy  compositions  (atomic  %)  used  in  this  study. 

Nom.  Comp. 

A1 

Nb 

Mo 

Co 

Cr  C 

N  O 

20-20 

Mo 

55.2 

22.6 

21.7 

— 

0.2 

0.4  0.0 

25-12.5 

Mo+ 

56.9 

27.6 

13.7 

— 

—  0.1 

1.8  10x1  O'3 

20-5 

Co 

73.1 

20.8 

_ 

5.0 

—  0.3 

0.7  27xl0'3 

25-12.5 

Co 

63.6 

24.3 

— 

11.3 

—  0.2 

0.6  20x10 3 

15-25 

Cr 

61.0 

14.3 

_ 

_ 

23.8  0.2 

0.8  20xl0-3 

+  Approximately  l%at.  Ti  was  found  to  be  present  in  the  25-12.5  Mo  sample  with  the  microprobe. 

Table  2.  Phase  boundary  compositions  (atomic  %)  determined  in  this  study. 

Error  bars  are  calculated  for  95%  confidence. 

|  Nom.  Comp. 

Temp.(°C) 

phase 

A1 

Nb 

Mo 

20-20 

Mo 

1300 

DO22 

75.0±0.2 

19.210.3 

5.812.2 

A15 

28.4+1.7 

14.510.4 

57.111.2 

20-20+ 

Mo 

1400 

DO22 

74.4 

21.1 

4.5 

A15 

26.9 

23.6 

49.6 

0? 

42.3 

40.3 

17.4 

25-12.5 

Mo 

1400 

DO22 

74.4±0.3 

21.910.4 

3.5610.04 

0? 

38.1±0.3 

33.310.7 

27.910.5 

2-2-1? 

41.7±0.2 

41.411.6 

15.710.3 

■  +  Results  for  20-20  Mo/1400C  are  preliminary. 

20-5 

Co 

1200 

Liquid 

71.511.9 

0.310.4 

28.210.1 

B2 

53.410.7 

0.0410.02 

46.510.4 

DO22 

74.610.4 

25.311.0 

0.1510.02 

25-12.5 

Co 

1200 

B2 

52.210.3 

47.510.5 

0.310.4 

C14? 

51.410.2 

33.211.5 

15.410.2 

DO22 

74.1110.04 

25.211.1 

0.7410.04 

15-25 

Cr 

1300 

Cr  (+A1) 

33.810.2 

0.410.2 

65.810.2 

0? 

32.910.3 

49.810.7 

17.311.0 

DO22 

73.710.2 

25.010.7 

1.3110.05 

64- 

■1  5 

Table  3.  Alloy  compositions  recommended  for  further  study.  The  Pettifor  scheme  was  used 
to  predict  LI 2  (Al^X^Nb  or  Al3(Nb,X)  compounds.  The  Mendeleev  number  listed  is  the 
average  Mendeleev  number  of  the  substituted  sites. 


X  Mendeleev  No.  LI2  Comp.  Alloy  Comp. 


A1  Substitution 


Zn 

Ag 

Mg 

Nb  Substitution 

79 

76 

76 

25-18.75  Zn 
25-33  Ag 

25-43  Mg 

25-9 

25-15 

25-21 

Zn 

Ag 

Mg 

U 

48 

9-16  U 

17-8 

U 

Ru 

58 

11-14  Ru 

18-7 

Ru 

Re 

55 

15-10  Re 

20-5 

Re 

Os 

58 

12.5-12.5  Os 

18.8-6.2 

Os 

Rh 

58 

14.5-10.5  Rh 

19.8-5.2 

Rh 

64-15 


Mo  Mo 


(a)  (b) 

Fig.  1.  Al-Nb-Mo  1400  C  isotherms  determined  in  this  study,  (a)  20-20  Mo/1400  C,  (b)  25-12.5 
Mo/1400  C.  The  circles  represent  compositions  of  ternary  L12  phase  predicted  by  the  Pettifor 
scheme. 


Co  Cr 


Fig.  2.  Al-Nb-Co  1200  C  isotherm 
determined  in  this  study.  The  circle 
represents  the  composition  of  the 
L12  phase  predicted  by  the  Pettifor 
scheme. 


Fig.  3.  Al-Nb-Cr  1300  C  isotherm 
determined  in  this  study.  The  circle 
represents  the  composition  of  the 
LI 2  phase  predicted  by  the  Pettifor 
scheme. 
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(b)  — 

104 

Fig.  4.  (a)  Typical  microstructure  of  20-20  Mo/1300  C  examined  in  this 
study,  (b)  Typical  microstructure  of  25-12.5  Mo/1400  C  examined  in  this 
study. 
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Fig.  4.  cont.  (c)  Typical  microstructure  of  20-5  Co/1200  C  examined  in  this 
study,  (d)  Typical  microstructure  of  25-12.5  Co/1200  C  examined  in  this 
study. 
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Fig.  4.  cont.  (e)  Typical  microstructure  of  15-25  Cr/1300  C  examined  in  this 
study. 
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ABSTRACT 


The  topic  of  this  paper  is  to  determine  the  kind  of 
knowledge  needed  to  implement  a  comprehensive  computer  aided 
design  package.  The  design  is  comprehensive  in  the  sense  it 
gives  the  designer  support,  from  the  conceptual  through  the 
final  stages  of  product  development.  The  biggest  benefit  of 
a  comprehensive  design  package,  is  it  gives  the  human 
designer  immediate  feedback  on  the  choices  being  made 
concerning  the  designed  product.  It  is  proposed  that  a 
comprehensive  computer  aided  design  tool ,  could  help  the 
human  designer  produce  designs  that  are  more  cost  effective 
as  well  as  manufacturable. 

In  order  to  demonstrate  what  mechanical  engineering 
knowledge  is  needed,  for  a  comprehensive  design  system,  a 
small  test  program  has  been  written  to  aid  the  designer  in 
the  selection  of  joining  processes.  The  program  will  help  the 
designer  in  crossing  technological  domains,  that  he  or  she 
might  not  otherwise  consider  as  a  possible  design  option. 
This  hesitancy  to  cross  domain  boundaries  may  be  due  to  a 
lack  of  familiarity  with  characteristics  involved  in  an 
unknown  area  of  expertise. 
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I.  INTRODUCTION:  COMPREHENSIVE  COMPUTER  AIDED  DESIGN 

Generally,  expertise  from  several  very  different 
disciplines  is  required  to  find  a  solution  to  a  problem  or 
need.  This  realization  of  a  solution  involves  two  distinct 
mental  processes.  The  initial  step  toward  a  solution  is  the 
recognition  of  a  need.  This  recognition  process  is  the 
creativity  of  a  visionary  who  assimilates  ideas,  thoughts  and 
imagination  in  order  to  define  a  problem  statement.  It  would 
be  considered  far  to  ambitious  for  this  project  to  try  and 
capture  the  thought  processes  of  a  visionary  in  a  computer 
program.  Next,  after  the  need  has  been  recognized,  design, 
marketing,  financial  and  other  types  of  knowledge  can  be 
applied  to  the  problem.  As  each  of  these  disciplines  are 
applied,  the  problem  is  shaped  and  defined  until  a  conclusion 
is  formed.  Figure  1  shows  a  "problem  solving  machine”  and 
how  each  professional  discipline  effects  the  development  of  a 
problem  statement  into  a  solution. 


Fldeas,  thoughts,  Imagination,?  I 

1 


Figure  1:  Schematic  of  the  kind  of  knowledge  needed  to 
transform  a  problem  statement  or  need  into  a  solution. 


This  figure  express  the  idea  that  mechanical  engineers 
do  not  work  in  a  vacuum,  and  are  often  forced  to  conform  to 
constraints  applied  by  other  disciplines,  suggesting  a 
comprehensive  design  package  will  need  more  than  just 
engineering  knowledge.  Due  to  this  authors  experience  in  the 
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mechanical  design  field,  -the  focus  of  the  paper  will  show  how 
this  knowledge  relates  to  the  structure  of  a  comprehensive 
design  system. 

II.  OBJECTIVE  OF  RESEARCH  EFFORT: 

The  impetus  of  this  research  is  to  outline  the  kind  of 
mechanical  knowledge  that  is  needed  in  order  to  implement  a 
comprehensive  computer  aided  design  system.  The  mechanical 
knowledge  will  then  be  applied  to  an  application  program  or 
case  study.  The  goal  of  the  case  study  is  to  demonstrate  how 
mechanical  engineering  knowledge  is  used  in  a  practical 
design  problem.  The  case  study  will  deal  with  the  conceptual 
selection  of  joining  processes.  The  conceptual  design  phase 
is  targeted  as  a  fertile  research  area  because  extensive  work 
and  numerous  programs  are  available  for  the  preliminary  and 
final  design  stages.  The  joining  domains  considered  are 
threaded  fasteners,  welded  and  allied  processes,  adhesives 
and  rivets.  The  computer  program  will  aid  the  designer  in  the 
conceptual  design  stages  to  select  the  most  likely  solution 
or  solutions. 

III.  Mechanical  Knowledge  Needed  for  Comprehensive  Design 

In  the  domain  of  mechanical  design  the  product  evolves 
through  three  distinct  stages  of  development,  shown  in 
figure  2. 

|  Conceptual  j-  -*•  Preliminary  J-*  ■*  |  Final  j 

Figure  2:  Stages  of  product  development  in  mechanical  design. 


The  main  area  of  interest  for  this  research  is  the 
conceptual  design  which  is  the  first  phase  of  product 
development.  For  the  mechanical  designer  there  are  two  goals 
or  activities  involved  in  the  conceptual  design.  First  the 
definition  and  clarification  of  the  problem  statement. 
Definition  and  clarification  involves  examining  the  design 
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constraints  and  realizing  the  implications  of  these 
constraints  on  the  design  solution.  The  second  aspect  is  the 
synthesis  of  mechanical  elements  into  a  coherent  design 
solution.  This  last  aspect  could  be  typified  by  the 
organization  of  mechanical  elements  such  as  bearings,  nuts 
and  bolts,  I-beams  and  other  physical  elements  into  one 
assembly.  The  organization  process  is  based  largely  on 
experience.  The  more  experience  with  similar  types  of 
problems  the  faster  a  concept  can  be  realized. 

As  was  stated  before,  one  aspect  of  the  conceptual 
design  is  the  clarification  of  the  problem  statement.  Design 
considerations  can  be  used  to  help  define  and  clarify  the 
problem  and  force  the  human  designer  to  examine  the  intent  of 
the  product.  At  this  point  the  important  factor  is  the  design 
intent  not  the  architecture  of  the  product.  The  computer  then 
uses  these  considerations  as  pointers  in  a  rule  based  or 
associative  programing  structure.  The  design  considerations 
will  act  like  a  road  map  to  connect  the  user  to  the  correct 
knowledge  bases.  The  following  are  the  types  of  design 
considerations  needed  to  shape  a  road  map  for  the  computer. 

A)  RELATIVE  FORCE  MAGNITUDE:  A  relatively  high 
force  suggests  the  design  must  be  checked  to 
satisfy  the  strength  of  materials  theories.  Knowing 
the  loading  conditions  on  the  design,  such  as 
vibrations  or  cyclic  loading,  are  also  beneficial. 

B)  RELATIVE  MOTION:  If  motion  is  a  requirement  for 
the  product  then  wear,  kinematics  and  dynamics 
become  important  to  the  design. 

C)  WEIGHT.  SIZE  OR  SHAPE:  Physical  aspects  suggest 
handling  procedures  and  storage  requirements  for 
the  product.  Spacial  concerns  often  dictate  the 
shape  of  the  product . 
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D)  SERVICE  CONDITIONS:  Environmental  factors  such 
as  moisture,  temperature  and  corrosion,  will 
suggest  material  properties  or  additional 
preventative  steps  to  protect  against  product 
damage . 

E)  SAFETY:  Product  liability  is  important  should 
catastrophic  injury  occur.  There  are  specific 
design  domains  where  codes  and  regulations  apply. 

F)  RF.PAIRABILITY :  If  service  to  the  product  is 
required  the  design  will  need  to  allow  for  easy 
access  to  the  parts  of  the  product  needing  repair. 

G)  ESTHETICS:  Product  appearance  with  respect  to 
codes  or  requirements  that  need  to  be  met. 

H)  JOB  SIZE:  Job  size  deals  with  the  size  of  the 
production  run.  Less  than  100  parts  would  be 
considered  a  job  shop  process  and  greater  than  a 
million  parts,  over  a  five  year  period,  would  be  a 
mass  production.  This  information  suggests  possible 
production  methods. 

I)  COST:  Generally  the  design  should  attempt  to 
maximize  the  company  profit  with  a  desired 
production  cost  set  before  the  initiation  of  the 
design. 

J)  CODES  AND  STANDARDS :  Certain  domains  such  as 
boilers  and  pressure  vessels  are  specified  by 
production  standards  that  the  design  has  to  meet. 
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K)  ASSEMBLY  CONDITIONS:  The  conditions  in  which  the 
product  is  to  be  assembled  has  a  bearing  on  the 
types  of  to^>ls  available.  In  a  factory  environment, 
fixtures  will  be  available  to  hold  the  product, 
conversely  in  the  field  these  devices  will  not  be 
appropriate . 

L)  RELIABILITY The  projected  life  of  the  product 
will  give  an  indication  to  the  durability  and 
quality  desired. 

M)  CONTROL :  If  the  product  developed  is  part  of  a 
larger  system  and  the  function  is  to  regulate  a 
certain  aspect  of  the  system,  then  certain 
considerations  must  be  made  concerning  the  type  of 
input  needed,  whether  manual  or  numerical. 

N)  NOISE :  This  could  also  fall  under  the  area  of 
codes  and  standards  or  esthetics  but  often  needs  to 
be  considered  separately  because  noise  is  a  result 
of  vibration  or  impact. 

To  demonstrate  what  insights  the  design  considerations 
offer,  they  will  be  applied  to  the  problem  of  joining  two 
plates.  A  problem  statement  needs  to  be  defined  in  order  to 
give  the  problem  a  domain. 

Case  Study  Problem  statement. 

The  design  problem  is  to  join  two  plates  to  form  a  lap 
joint  for  a  certain  construction  application.  The  joint  is  to 
carry  a  service  load  of  500  lbs.  and  target  dimensions  for 
the  plates  that  are  5  inches  wide  and  .75  inches  thick.  The 
most  likely  material  will  be  a  1020  carbon  steel.  Due  to 
repair  requirements  elsewhere  in  the  design,  it  is  desired  to 
disassemble  this  joint  for  service  to  the  structure.  A  sketch 
of  a  lap  joint  is  shown  in  figure  3. 


Front  View  Top  View 


Figure  3:  Test  Case  of  a  lap  joint  for  a  construction 
application . 

It  must  be  realized  that  in  the  context  of  this  problem 
that  a  certain  degree  of  conceptual  design  has  already  taken 
place.  The  materials  and  physical  dimensions  of  the  plates 
should  be  specified  before  the  conceptual  design  of  the 
joining  process  begins.  The  following  design  considerations 
are  important  to  the  solution  of  the  problem  statement.  There 
are  seven  of  these  design  considerations  enumerated  below  and 
their  impacts  on  the  joining  processes. 

1.  RELATIVE  FORCE  MAGNITUDE:  The  forces  acting  on  the 
joint  are  moderate  to  small  compared  to  other  structural 
problems  such  as  bridges.  The  forces  do  suggest  that 
adhesives  will  not  be  a  wise  joining  process  selection,  due 
to  their  inability  to  support  these  loads.  It  is  assumed  that 
the  rest  of  the  modes  of  joining  can  be  sized  to  carry  the 
loads,  and  at  this  point  in  the  design,  an  estimation  of  the 
size  is  required  for  each  process. 

2.  WEIGHT,  SIZE  OR  SHAPE:  The  physical  dimensions  will 
also  help  define  the  joining  process  that  will  best  solve  the 
problem  statement.  For  example,  if  the  plate  width  is  too 
narrow  to  support  the  fastener  size,  estimated  earlier,  then 
the  designer  has  two  options.  One,  the  plate  dimensions  can 
be  redesigned  to  support  the  fastener  size,  otherwise 
threaded  fasteners  are  eliminated  as  a  possible  option. 
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3.  SERVICE  CONDITIONS:  The  service  requirements  of  the 
lap  joint  should  be  designed  to  withstand  a  corrosive 
atmosphere.  Corrosion  requires  the  threaded  fasteners  to  have 
a  protective  coating  that  facilitates  ease  in  removal. 

4.  SAFETY:  Designers  are  required  to  follow  safety  codes 
in  many  design  applications  where  human  safety  is  a  factor. 
For  the  case  study  there  are  numerous  safety  and  design 
suggestions  found  in  the  steel  construction  codes.  A  typical 
safety  factor  may  have  a  value  of  4  to  6  for  this  type 
problem. 

5.  JOB  SIZE:  Only  one  connection  will  be  made,  therefore 
specialized  tools  or  techniques  such  as,  submerged  arc 
welding,  would  not  be  an  appropriate  solution.  Suitable 
solutions  for  the  case  study  require  techniques  using  tools 
characterized  as  being  manual,  portable  and  general  purpose. 

6.  CODES  AND  STANDARDS:  These  are  design  standards  and 
in  certain  domains  will  be  very  specific  as  to  what  the 
design  architecture  should  resemble.  For  the  case  study  the 
safety  factors  are  of  primary  importance  because  of  the 
problems  relationship  to  the  construction  industry. 

7.  ASSEMBLY  CONDITIONS:  The  case  study  requires  the 
joint  be  made  on  sight,  meaning  standard  tools  will 

be  used  to  make  the  connection. 

The  second  phase  of  conceptual  design  was  previously 
defined  as  the  synthesis  of  architecture  and  was  discovered 
to  be  based  largely  on  experience.  Typically  the  development 
of  an  architecture  forces  the  designer  to  work  in  an  abstract 
environment.  Including  experience,  there  are  three  aspects 
that  will  be  referred  to  as  conceptual  architecture 
characteristics.  These  three  points  will  aid  in  the  reduction 
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of  vagueness  associated  with  this  stage  of  development. 
These  three  topics  are  enumerated  below  with  their  impact  on 
the  case  study . 


1.  EXPERIENCE:  Experience  allows  the  designer  to 
relate  design  context  to  the  knowledge  required  to 
solve  an  engineering  problem.  For  the  case  study  of 
the  joining  processes,  experience  will  supply  the 
knowledge  needed  in  recognizing  the  valid  bolt 
patterns,  if  threaded  fasteners  are  the  design 
option . 

2a.  FORCE  FLOW:  Force  flow  is  a  study  of  how 
external  loads  are  transferred  from  one 
location  in  the  design  space  to  another. 

Force  flow  applies  the  general  principles 
of  statics  and  strength  of  materials  to 
suggest  a  suitable  architecture  for  the 
design.  General  principles  do  not  suggest 
a  full  blown  FEM  package  only  sufficient 
computational  ability  to  give  rough 
estimations  of  product  sizes. 

2b.  FUNCTIONALITY:  Functionality  offers  the 
same  type  of  information  about  the  motion 
of  the  design  as  does  force  flow  for  its 
structure.  Functionality  applies  the 
general  principles  of  dynamics, 

kinematics,  gear  sizing  and  mechanism 
design . 

3.  REPAIRABILITY  -  RELIABILITY:  These  topics  are 
often  at  odds  with  each  other  because  they  tend  to 
force  the  design  in  different  directions. 
Redundancy  and  derating  of  the  design  are  effects 
of  reliability,  while  ease  of  access  is  a  concern 
of  repairability . 
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Conceptual  architecture  characteristics  were  examined  to 
reduce  the  vagueness  associated  with  this  stage  of  the 
conceptual  design.  These  three  areas  will  be  of  value  in 
relating  numerical  types  of  design  features  with  the  intent 
of  the  design.  Presently  work  is  being  conducted  as  to  how 
the  design  information  should  be  represented  in  the  computer. 

After  the  architecture  and  the  context  of  the  design  are 
defined,  the  conceptual  design  phase  is  complete.  Now  it  is 
desirable  to  move  to  the  preliminary  design  stage.  This  phase 
of  the  design  could  also  be  classified  as  concept  checking. 
The  design  is  formally  sized  and  checked  to  see  if  it  meets 
the  performance  constraints  specified  at  the  beginning  of  the 
design  problem.  If  the  design  does  not  meet  the  constraints, 
the  concept  is  discarded.  If  more  than  one  design  concept 
passes  the  preliminary  stage,  the  most  efficient  will  be 
selected  for  the  final  design.  The  design  chosen  minimizes  a 
certain  undesirable  aspect,  or  maximizes  a  desired 
performance  criteria. 

Once  the  design  has  been  checked  and  the  performance 
criteria  have  been  met  a  final  design  will  be  presented.  The 
final  design  stage  can  be  defined  as  a  conversion  process, 
where  the  insights  gained  from  the  conceptual  and  preliminary 
phases,  are  converted  to  a  user  understandable  form.  These 
forms  could  be  blue  prints,  tables,  or  production  planing 
schemes . 

Reviewing  the  types  of  knowledge  needed  in  each  of  the 
design  phases  a  conclusion  can  be  drawn  as  to  which  types  of 
computer  reasoning  will  be  of  value,  to  a  comprehensive 
design  system.  An  example  of  how  these  three  design  stages 
can  be  rep  esented  in  a  computer  are  shown  in  figure  4  on  the 
following  page. 
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Conceptual  ■+  Preliminary  Final 

Associative 
or  Rule  Based 
with  Number 
Crunching  ability 

Figure  4:  The  three  phases  of  design  and  the  corresponding 
computer  reasoning  suggested  for  each  phase. 

Associative  reasoning  is  a  computer  technique  that  can 
link  all  kinds  of  information  related  to  a  topic.  Currently 
research  is  being  conducted  on  this  topic  by  Dr.  Y.H.  Pao,  of 
Case  Western  University. 

IV.  Conclusions: 

Expert  systems  exhibit  promise  as  a  valuable  reasoning 
tool ,  but  to  a  lesser  extent  than  the  associative  procedures . 
The  difficulty  with  expert  systems  occurs  when  a  large  number 
of  rules  are  required  to  describe  a  knowledge  base.  The 
number  of  rules  necessary  for  the  joining  case  study  was 
large  by  expert  system  standards.  Attempting  to  represent  the 
entire  comprehensive  design  system  with  rules  alone  would 
demand  a  phenomenal  number  of  rules.  Program  execution  time 
becomes  one  problem  with  inordinately  large  rule  bases. 
Another  major  problem  is  the  amount  of  time  needed  to  debug  a 
large  rule  base. 

Design  can  be  characterized  as  an  iterative  process 
moving  from  a  very  abstract  level  to  a  higher  degree  of 
detail.  The  need  for  this  iterative  approach  earn  not  be 
overemphasized,  modest  quantities  of  elementary  sizing 
information  must  be  sprinkled  into  the  design  in  order  to 
promote  continued  development. 

The  type  of  knowledge  needed  for  the  comprehensive 
design  system  has  been  defined,  providing  a  means  for  the 
computer  to  assist  in  the  design  process.  The  following  is  a 
summary  of  this  knowledge  process. 


Associative 

Type 

Reasoning 


Associative 
Type  Structure 
for  Design 
Conversion 
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1.  User  interface:  The  interface  is  envisioned  as  a  vehicle 
■to  link  the  user  to  the  computer.  If  the  cos  •  program 
needs  additional  information  this  phase  queries  the  user 
about  his  or  her  intent. 

2.  Experience:  The  experience  knowledge  base  is  used  to 
relate  present  design  context  with  past  designs.  Information 
retained  concerning  these  past  designs  would  include 
performance  ratings,  design  architecture  and  links  to  vendor 
catalogues . 

3.  Force  Flow  -  Functionality  Expert:  Force  Flow  is  a  study 
of  how  external  loads  are  transferred  from  one  location  in 
the  design  space  to  another.  Functionality  applies  the 
general  principles  of  dynamics,  kinematics,  gear  sizing  and 
mechanism  design. 

4.  Reliability  -  Repairability  Expert:  Redundancy  and 
derating  of  the  design  are  effects  of  reliability,  while  ease 
of  access  is  a  concern  of  repairability. 

5.  Domain  Experts:  Codes  and  standards  are  an  important 
aspect  of  this  knowledge  base  and  should  include  GD&T  ASME 
and  the  ANSI  codes.  These  standards  must  be  available  to  the 
computer  user  at  any  point  in  the  design  process. 

6.  Manufacturing  Expert:  This  would  include  information  from 
all  the  manufacturing  disciplines  including  casting,  forging, 
rolling,  machining  and  assembling  procedures. 

7.  Materials  Expert:  This  expert  could  be  a  large  data  base 
of  material  properties  available  to  the  user.  Several  data 
bases  are  presently  offered  commercially. 
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8.  Design  Fundamentals  Expert:  Design  Fundamentals  would  be  a 
large  library  of  computer  programs  capable  of  performing 
various  engineering  calculations.  These  might  include  FEM 
analysis,  a  systems  modeling  program  and  other  useful 
programs  including  optimization  and  elementary  sizing 
routines . 


9.  Detailing  Expert:  A  detailing  expert  can  transform  design 
information  from  the  preliminary  and  conceptual  stages  into 
blue  prints,  process  and  inspection  plans. 

These  knowledge  bases  could  be  linked  as  illustrated  in 


figure  5. 


Conceptual 

Design 


Figure  5:  Possible  knowledge  structure  for  a  comprehensive 
computer  aided  design  system. 


The  biggest  benefit  of  a  comprehensive  design  package, 
is  immediate  feedback  on  the  choices  being  made  concerning 
the  designed  product.  The  computer  also  allows  for  the 
designs  to  be  processed  at  a  faster  pace,  hopefully  producing 
cheaper  and  more  reliable  products. 
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V.  Suggestions  for  further  research: 

With  the  programing  technique  of  associativity,  much  can 
be  accomplished  toward  the  solution  of  the  comprehensive 
computer  aided  design  system.  Certain  immediate  goals  for  the 
associative  network  would  be  in  the  domain  of  codes  and 
standards.  A  system  could  be  set  up  to  search  the  domain 
literature  to  find  certain  codes  related  to  a  design  context. 
Another  area  of  interest  would  be  in  the  conceptual  design 
stage.  A  knowledge  base  could  be  implemented  to  develop  a 
design,  based  on  the  topics  of  repairability  vs.  reliability. 
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ABSTRACT 

The  dehydrating  agent  Trimethylsilylpolyphosphate  (PPSE)  was 
employed  in  a  one  step  synthesis  of  N-Phenylbenzimidazoles.  Model 
compounds  produced  from  this  agent  are  2,2'-(  1 ,3-phenlyene)bis 
( 1  -phenylbenzimidazole)  and  2,2'-(  1 ,4-(2,5-didecyloxybenzene)) 
bis(  1  -phenylbenzimidazole)  from  a  TBOC  derivative  of  N-Phenyl- 
1 ,2-phenylenediamine  and  the  corresponding  dicarboxylic  acid  in 
near  quantitative  yields. 
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I.  INTRODUCTION: 


Polybenzimidazoles  are  known  to  be  remarkably  stable  polymers 
that  retain  their  stiffness  and  toughness  at  elevated  temperatures. 
Many  are  resistant  to  acids  and  bases  and  are  not  prone  to 
oxidation  1 .  These  properties  are  of  interest  in  composite  materials 
because  the  polymers  are  light  weight  and  have  superior  properties 
than  most  metals.  The  polymers  and  model  compounds  may  have  third 
order  nonlinear  optical  properties  (NLO)  and  are  evaluated  for  this 
trait. 

The  Polymer  Branch  of  the  Materials  Laboratory  at  Wright 
Paterson  Air  Force  Base  is  particularly  interested  in  the  synthesis 
and  physical  properties  of  polybenzimidazoles  and  many  other 
polymers.  A  data  base  of  the  structure  versus  properties 
relationships  are  a  primary  concern. 

My  master's  thesis  and  research  interests  are  in  the  organic 
synthesis  of  novel  monomers  which  will  lead  to  new  1 -substituted 
polybenzimidazoles.  As  a  graduate  student  of  Dr.  James  J.  Kane  at 
Wright  State  University  at  Dayton,  Ohio,  whose  research  group  works 
toward  the  goals  of  the  Polymer  Branch  at  WPAFB,  my  background 
was  well  suited  for  this  project. 

II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT: 

My  summer  assignment  was  the  study  of  trimethy Isi ly I 
polyphosphate  (PPSE)  as  a  dehydrating  agent  for  the  synthesis  of 
polybenzimidazoles  and  model  compounds.  This  project  was  two 
fold,  first  finding  the  optimum  conditions  for  the  synthesis  of  model 
compounds  and  then  to  use  these  conditions  for  the  polymerization 
reactions.  The  primary  goal  was  to  find  the  optimum  conditions  for 
the  synthesis  of  the  model  compounds: 

2,2'-(  1 ,3-phenylene)bis(  1  -phenylbenzimidazole)  ( 1 )  and 
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2,2'-(  1 ,4-(2,5-didecyloxybenzene))  bis(  1  -phenyl-benzimidazole)  (2). 
These  were  produced  from  a  diamine  or  TBOC  derivative  of  the 
diamine  and  the  corresponding  dicarboxylic  acid.  Time  did  not  permit 
any  polymerization  reactions  but  the  TBOC  derivative  of  a 
tetraamine  monomer  was  produced.  Future  goals  involve  a  model 
compound  made  from  this  tetraamine  monomer  and  benzoic  acid  and 
polymerizations  with  the  dicarboxylic  acids  used  in  the  synthesis  of 
( 1 )  and  (2)  as  well  as  other  diacids. 

III.  RESULTS  AND  DISCUSION: 

Polybenzimidazoles  are  conventionally  made  in  two  steps.  The 
first  is  the  formation  of  a  polyamide  from  a  substituted  tetraamine 
and  a  aromatic  diacid  halide.  This  is  followed  by  a  cyclization  step 
which  is  preformed  either  in  polyphosphoric  acid  or  thermally  to 
produce  the  polybenzimidazole  as  shown  in  figure  I. 


FIGURE  1 


However,  this  condensation  method  usually  results  in  low  molecular 
weight  materials  which  could  arise  from  a  number  of  possibilities1 . 
A  one  step  synthesis  may  improve  the  polymers  produced  from  such 
a  process 
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Yamamoto  and  Watanabe  2  used  PPSE  in  dichloroethane  to 
synthesize  2-methyl  substituted  benzimidazole,  benzthiazole  and 
benzoxazole  in  63,  93  and  68%  yields  respectively.  They  also 
determined  three  active  forms  of  PPSE  which  are  illustrated  in 
figure  2.  Structure  I  was  found  to  be  the  major  form  in  xylene.  While 
structure  II  was  found  in  the  greatest  percent  in  dichloroethane  or 


TMS  groups  are  omitted  from  I  and  II  for  clarity 

FIGURE  2 


dichloromethane  and  structure  III  is  the  predominate  form  without  a 
solvent.  Based  on  the  yields  obtained  by  Yamamoto  and  Watanabe 
with  PPSE  in  dichloroethane  the  branched  form,  structure  II  is  the 
most  active  dehydrating  agent.  In  1984  Alzpurua  and  Palomo  3 
reported  difficulty  in  repeating  the  synthesis  of  the  2-substituted 
benzoxazole  by  the  method  that  Yamamoto  and  Watanabe  reported. 
However,  they  found  if  the  reaction  was  carried  out  ini  ,2-dichloro¬ 
benzene  very  high  yields  were  obtained.  From  this  work  and  work 
presently  unpublished  at  the  Polymer  Branch,  it  was  thought  that 
PPSE  may  prove  to  be  a  valuable  dehydrating  agent  in  one  step 
polymerizations  reactions. 

The  optimum  conditions  for  a  polymerization  reaction  were 
determined  from  the  model  compound  synthesis.  The  PPSE  was  made 
insitu  from  P4O10  and  hexamethlydisiloxane  in  1 ,2-dichlorobenzene 
at  I60°C.  Figure  3  shows  the  reaction  with  N-Phenyl- I ,2-phenlyene- 
diamine  and  isophthalic  acid  which  gave  an  82%  yield  of 
2,2'-(  1 ,3-phenlyene)bis(  1  -benzimidazole)  ( 1 ).  Attempts  to  improve 
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the  yield  by  first  heating  the  reactants  and  PPSE  to  130°C  for  1  hour 
and  then  increasing  the  temperature  to  160°C  for  4  hours  failed. 


(1) 

FIGURE  3 

It  was  thought  that  decomposition  of  the  diamine  was  the  cause 
of  a  lower  yield  than  what  was  desired.  To  combat  this  problem  a 
protecting  group  for  the  amine  was  used.  It's  been  shown  that  di- 
tert-butyldicarbonate  (TBOC)  is  a  good  protecting  group  for  Phenols 
and  amino  acids  and  when  cleaved  produces  the  free  amine,  C02  and 
propene  4~6  The  reaction  was  carried  out  under  a  nitrogen 
atmosphere  at  room  temperature  with  recrystallized  diamine  to 
produce  the  TBOC  derivative  of  N-phenyl- 1 ,2-phenylenediamine  (3) 
in  a  90%  yield  and  is  shown  in  figure  4. 
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FIGURE  4 


When  the  TBOC  derivative  of  N-phenyl- 1 ,2-phenylenediamine  (3) 
and  isophthalic  acid  were  reacted  in  PPSE  in  1 ,2-dichlorobenzene  at 
1  65°C  a  92%  yield  of  the  model  compound  (3)  was  obtained.  This 
reaction  is  shown  in  Figure  5  and  is  considered  the  optimum 
conditions. 


I 

I 
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FIGURE  5 

To  aid  in  the  solubility  of  the  acid  in  dichlorobenzene  and 
hopefully  increase  the  molecular  weight  of  a  polymer  the  the  model 
compound  2,2'-(  1 ,4-(2,5-didecyloxbenzene))bis(  1  -phenyl- 
benzimidazole)  (2)  was  synthesized.  The  reaction  was  preformed  the 
same  as  for  the  model  compound  ( 1 )  except  2,5-didecyloxybenzene- 
1 ,4-dicarboxylic  acid  was  used  and  this  is  illustrated  in  figure  6. 


FIGURE  6 

The  tetraamine  that  will  be  used  in  future  polymerization 
reactions  is  2,2-bis(3-amino-4-anilinophenyl)hexafluoropropane. 
This  was  made  in  a  four  step  synthesis  starting  from  bisphenol  AF 
as  described  by  Lau  7.  The  TBOC  derivative  of  2,2-bis(3-amino-4- 
anilinophenyDhexafluoropropane  (4)  was  formed  similarly  to  that  of 
N-phenyl- 1 ,2-phenylenediamine  and  is  shown  in  figure  7. 
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FIGURE  7 


IV.  EXPERIMENTAL: 

The  starting  materials  were  obtained  from  Aldrich  Chemical 
Company,  Inc.  or  Daychem  labs  and  were  used  as  sold  except  where 
noted.  The  2,2-Bis(3-amino-4-anilinophenyl)hexafluoropropane  was 
produced  from  a  four  step  synthesis  as  described  by  K.  S.  Lau  7  FTIR 
spectra  were  obtained  from  a  Nicolet  5DX  ,  HNMR  spectra  were 
produced  on  a  Varin  EM-360,  mass  spectrum  and  analysis  were 
preformed  by  the  analytical  branch  of  the  Materials  Laboratory  at 
WPAFB.  Melting  were  ran  on  a  Laboratory  Devices  Mel-Temp 
apparatus  and  were  uncorrected. 

TBOC  Derivative  of  N-Phenyl- 1 ,2-phenylenediamine  (3) 

To  7.65  g,  0.042  mol  of  N-Phenyl- 1 ,2-phenylenediamine 
(recrystallized  from  heptane)  in  100  mL  of  diethylether  was  added 
1  1.93  g,  0.042  mol  of  di-tert-butyldicarbonate  under  nitrogen  at 
room  temperature.  A  white  precipitate  formed  after  0.5  hr.  The 
reaction  was  allowed  to  stir  at  room  temperature  for  1  8  hr  at  which 
time  no  starting  material  could  be  observed  by  TLC 
(CH2Cl2/alumina).  The  white  crystalline  material  was  filtered  and 
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washed  with  50  mL  of  diethylether  to  give  10.78  g,  0.038  mol,  90.4% 
yield  mp  1 77- 1 8 1  ©C  of  (3).  FTIR  (KBr)  cm"1,  3373.7,  3304.3  NH 
stretch;  2980.2  aromatic  CH  stretch;  1701.3  C-0  stretch;  1595- 
1  446  C-C  stretch;  1151.6  C-O-C  stretch.  MS  ™/e  284  (M+ ),  228,  211, 
184,  169,  77,  65,  57(100%),  51, 42.  Analysis  calculated  for 
C17H20N2O2:  C,  71.79;  H,  7.09;  N,  9.86.  Found:  C,  71.57;  H,  7.00; 

N,  9.48. 

DiTOBC  derivative  of 

2,2-Bis(3-amino-4-anilinophenyl)hexafluoropropane(4) 

To  0.50  g,  0.97  mmol  of  2,2-Bis  (3-amino-4-anilinophenyl) 
hexafluoropropane  in  10  mL  of  diethylether  was  added  0.42 
g,  l.94mmol  of  di-tert-butyldicarbonate  in  5  mL  of  diethylether 
under  nitrogen  at  room  temper-ature.  After  24  hr  0.2  eq.  0.05  g  of 
additional  di-tert-butyl-dicarbonate  was  added  as  a  solid.  The 
reaction  was  monitored  by  TLC  (CHCl3/alumina)  and  after  72  hr  the 
solution  was  filtered  and  concentrated  under  high  vacuum  to  give 

O. 68  g  of  a  crude  white  crystalline  material.  Recrystallization  from 
cyclohexane  resulted  in  0.44  g,  mol  62%,  yield  mp  1  1 0- 1  1  2°C  of  (4). 
FTIR  (KBr)  cm-1.  3395.0-3367.9  NH  stretch,  2980.2-2932  aromatic 
CH  stretch,  1701.3  C-0,  1  595.2- 1  496.9  C-C,  1250  C-O-C,  1  1 59  CF3. 
HNMR  (CDCI3)  1.5,18  H  d  CH3;  6.2,  2  H  bs  NH;  6. 6-7.5,  1  6H  m 
aromatic;  7.7  2H  bs  NH.  MS  m/e  716  M\  616,  516,  447,  182,  57 

( 1 00%),  44,  41 .  Analysis  calculated  for  C37H38F6N4O4:  C,  6 1 .99;  H, 
5.35;  N,  7.82.  Found:  C,  62.16;  H,  5.61;  N,  7.59. 

Model  compound: 

2,2'-(  1 ,3-phenlyene)bis(  1  -phenylbenzimidazole)  ( 1 ) 

Procedure  A: 

PPSE  was  made  as  follows:  2.00  g  of  P2O5  was  added  to  10  mL  of 
1,2-Dichlorobenzene  and  5  mL  of  hexamethyldisiloxane  under 
nitrogen.  This  mixture  was  heated  to  I60°C  resulting  in  a  clear 
solution.  To  the  cooled  PPSE  solution  was  added  0.42  g,  2.53  mmol  of 
isophthalic  acid  followed  by  1.11  g,  6.02  mmol  of  N-Phenyl-  1 ,2- 
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phenylenediamine  (recrystallized  from  heptane  and  sublimed)  as 
solids.  This  mixture  was  rapidly  heated  to  160°C  and  maintained 
there  for  4  hr.  The  resulting  dark  blue  solution  was  poured  into  100 
ml.  of  methanol  and  evaporated  to  dryness  overnight.  200  mL  of  a 
10%  NaHC03  solution  was  added  slowly  which  produced  a  violet 
solid.  This  was  treated  with  charcoal  and  recrystallized  from 
ethanol  and  water  to  give  0.95  g,  2.06  mmol,  82.3%  yield  of  a  light 
pink  crystals  mp  247-252°C  of  ( ! ). 

Procedure  B: 

The  PPSE  was  made  as  in  procedure  A.  To  the  cooled  PPSE 
solution  was  added  0.37  g,  2.23  mmol  of  isophthalic  acid  followed  by 
1.50  g,  5.28  mmol  of  the  TBOC  derivative  of  N-Phenyl- 1 ,2- 
phenylenediamine  (3)  as  solids.  The  reaction  was  slowly  heated  to 
1 65°C  and  maintained  there  for  4  hr.  The  reaction  mixture  was 
poured  into  200  mL  of  a  10%  NaHC03  solution.  This  was  extracted 
with  3,  75  mL  portions  of  CH2C12-  The  combined  organics  were 
washed  with  3,100  mL  portions  of  10%  NaHC03.  The  1 ,2-dichloro¬ 
benzene  and  CH2CI2  were  evaporate  overnight  to  produce  dirty  white 
crystals.  Recrystallization  from  1 -propanol  gave  0.95  g,  2.06  mmol, 
92.4%  yield  of  cream  colored  crystals  mp  246-250°C  of  ( 1 ).  FTIR 
(KBr)  cm"  1 .  3049.7  aromatic  CM  stretch;  1 595.2-  1  454.4  C-C  and  C-N 
ring  stretch.  HNMR  (CF3O2D)  ppm  7.3-8  2  m.  MS  m/e  M+462(100%), 
385,  23 1 ,  1  67,  1  39,  77,  5  1 .  Analysis:  calculated  for  C32H22N4:  C, 
83.09;  H,  4.79;  N,  12.1  1.  Found:  C,  82.59;  H,  5.07;  N,  1  1.72. 

Model  compound: 

2,2'-(  1 ,4-(2,5-didecy1oxybenzene))bis(  1  -phenylbenzimidazole)  (2) 

PPSE  was  made  as  in  procedure  A  of  the  above.  To  the  cooled 
PPSE  solution  was  added  1.05  g,  2.23  mmol  of  2,5- 
didecyloxybenzene- 1 ,4-dicarboxylic  acid  followed  by  1.51  g,  5.28 
mmol  of  the  TBOC  derivative  of  N-Phenyl-  1 ,2-phenylenediamine  (3) 
as  solids.  The  reaction  was  heated  to  1  75°C  and  maintained  there 
for  24  hr  under  nitrogen.  The  resulting  dark  blue-green  solution  was 
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poured  into  200  mL  of  a  10%  NaHC03  solution  and  was  extracted 
with  3,  75  mL  portions  of  CH2CI2.  The  combined  organics  were 
washed  with  3,  1  OOmL  portions  of  a  10%  NaC03  solution.  The 
dichlorobenzene  and  CH2CI2  were  evaporate  overnight  to  produce  a 
red  oil.  This  was  purified  by  column  chromatography  using  silica  gel 
and  CHCI3  to  produce  an  amber  oil.  Trituration  in  n-pentane  resulted 
in  1  g,  1 .42  mmol,  64.7  %,  mp  9  1  -93°C  of  (2).  FTIR  (KBr)  cm' ' , 

2924.3  aliphatic  CH,  1595.2-1419.7  C-C,  1095  C-O-C.  HNMR  (CHCI3) 
ppm,  0.9-1. 6  38H  m,  3. 3-3. 6  4H  bt,  6.9-7. 5  1  8H  m,  7. 6-8.0  2H  m.  MS 
M/e,  774  M+,  661, 647(100%),  507,  493,  477,  387,  299,  260,  245, 
219,  195,  145,  99,  77,  57. 


V.  Spectra  of  Compounds  ( 1 -4): 
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MMR  SPECTROMETER 


VI.  RECOMEND  AT  IONS 

The  high  yield  obtained  for  the  synthesis  of  model  compound  ( 1 ) 
indicate  that  PPSE  is  a  promising  dehydrating  agent  and  should  be 
studied  further.  Future  work  at  Wright  State  University  will  be  to 
explore  the  reagent  in  polymerization  reactions  using  this  work  as  a 
guide.  The  TBOC  derivative  of  the  tetraamine  (4)  will  be  used 
extensively  with  various  acids.  Another  avenue  for  study  is  the  TBOC 
protecting  group.  This  may  prove  as  a  valuable  method  for  storing  air 
sensitive  tetraamines  and  should  be  explored  in  depth. 
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